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PREFACE 



In presenting these brief notes the authors feel that an 
explanation of their object is necessary. At Columbia University 
practically all of the engineering students are required to take 
courses in the electrical laboratories, testing both direct-cur- 
rent and alternating-current machinery. Students in Mining, 
Mechanical, Metallurgical, Chemical, Civil Engineering, etc., 
do not have those courses in the theory of electrical machinery, 
which are really necessary for a proper comprehension of the 
machines with which they work in the laboratory; it is unrea- 
sonable to expect them to consult various text-books- to prepare 
themselves on the theory involved in the tests, and it is with 
the intention of filling the needs of these men that the notes 
J. have been compiled. 

-^ Before giving specific directions regarding the test to be 

•^ performed, a brief analysis of the characteristics of the machine 

* is attempted; in so far as is possible in such a limited space the 

* reasons for the behavior of the machine are given. It is, of 

<^ course, realized that a complete analysis of the different types 

of machines is impossible and it is questionable whether a com- 
plete analysis would serve the purpose. It has been the inten- 
tion of the writers to present the subject-matter in such a manner 
that the student not well versed in electrical theory can get 
the most out of it in the short time allotted to the electrical 
courses. 

In some of the tests, methods are described which may not 
be strictly according to the standard practice; if a gain in sim- 
plicity and ease of performance is to be obtained by a sacrifice 
in accuracy of the test of a few tenths of a per cent, it is thought 

justifiable to use the simpler method of testing. 

... 
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PREFACE 



While the notes are being put into printed form specifically 
for our use, they may possibly be found of use in other schools 
where the conditions are similar to those at Columbia. 

The authors wish to express their indebtedness to Professor 
Geo. F. Sever, who first developed the electrical laboratory work 
for the non-electrical students at Colimibia, and whose original 
schedule of experiments served as a guide in arranging this 
work; also to Mr. F. L. Mason, who has rendered valuable 
assistance in the preparation of the book. 

J. H. M. 
F. W. H. 

Columbia University, 
September, 19 ii. 



LIST OF D.C. EXPERIMENTS 



1. " Fall or Potential '* along a Conductor Cassying Citssent. 

2. Mbasusement of Armature CntcmT and Shunt Field Resistances. 

3. The Shunt Generator; Preliminary Work with a Generator; 

Magnetization Curve; External Characteristic. 

4. The Compound Generator; Armature Characteristic oe a Shunt 

Generator; External Characteristic of a Compound Genera 
tor; Effect of Operating a Compound Generator at Speeds 
Higher or Lower than Rated Value. 

5. The Shunt Motor; Speed Characteristics; Commercial Efficiency 

BY Brake Test. 

6. The Motor Starting Rheostat. 

7. Shunt Motor Efficiency by the Stray Power Method. 

8. The Series Motor. 

9. Current Torque Curves of Different Types of Motors. 

10. Parallel Operation of Shunt Generators. 

11. Parallel Operation of Compound Generators. 



TESTING OF ELECTRICAL MACHINERY 



DIRECT CURRENT TESTS 



EXPERIMENT I 

" Fall of Potential " along a Conductor Carrying Current. 
(a) If an electromotive force is impressed upon a circuit, as for 
instance a wire, a current of electricity wiU flow along it. The 
relation between the current, resistance and difference of potential 
between any two points on the conductor is given by Ohm's law, 
which expresses the equality of the impressed force and the reacting 
force. It is found that the reacting force varies directly with the 
current and this fact may be expressed by the equation, 

from which we obtain, 

I^E/R, (i) 

where /= current flowing in amperes; 

£= difference of potential in volts, between the two points 

considered ; 
i?= resistance of the conductor in ohms, between the two 
points considered. 
It is a fact that aU conductors offer more or less resistance to 
the flow of an electric current and experiment shows that for any 
particular conductor, the resistance varies directly as its length and 
inversely as its area of cross-section. This may be expressed in 
the form of an equation as follows : 

^2-4 (^) 
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where i£« resistance of conductor in ohms; 
/^length of conductor in feet; 
a » area in circular mils; 

ir» resistance per mil foot of the material used; i.e., the 
resistance of a conductor one foot long and having a 
cross-sectional area of one circular mil. 

If the value of R as given in £q. (2) is substituted in Eq. 
(i) we have 

E Ea 

^-^ZT^Tr ^) 

A. — 
a 

and 

^=^4 <4) 

This states that when the other factors remain constant, the 
" drop " in potential varies direcfly with the current and the 
length of the conductor and inversely with the area of cross- 
section. The drop also varies with the material. 

It is also evident if Eq. (i) is written in the form 

^=7. (s) 

that the resistance of a conductor is readily determined if the 
current flowing through it and the drop in potential across it 
are known. 

The apparatus to be used in verifying the laws stated above 
should consist of a board, upon which are mounted and con- 
nected in series, equal lengths of wire (preferably 48 inches) 
of copper, aluminum, iron and German silver, all of equal cross- 
section. Connect the wire board as shown in Fig. i. Determine 
the safe current-carrying capacity of the German silver wire 
and be sure that the variable resistance, lamp board, and ammeter 
can safely carry this current. The voltmeter should have a 
capacity on one range of about 15 volts with another range 
lower than this. 
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With only one lamp in the lamp board and all the resistance 
in the variable rheostat cut out, close the switch and note if the 
ammeter deflects in the proper way. If not, open the switch 
and reverse Hit ammeter connections. Thai cut in enough 
additional lamps in the board, so that the current will be st^tly 
greater than ^ of the safe current value for the German silver 
wire. Insert enough re^tance in the variable rheostat so that 
exactly ^ of the maximum permis^le current is flowing. U^ng 
the highest range upon the voltmeter, place (me lead to one end 
of the copi>er wire and tap the other voltmeter lead tm. the 6-inch 
mark upon the wire. If tiie throw of the needle is in the proper 
direction, the free lead may be fastened to the wire; if not, the 



Fig. I 

leads are to be reversed at the wire. Neuer reverse or disconnect 
voltmeter leads at the meter, -while the other ends of the hods are 
attached to live terminals; a short circuit is likely to result. 
Always reverse or disconnect the leads at the point where they are 
attached to the live terminals. Great precaution must also be 
taken with low-reading voltmeters, as they are easily burnt out. 
To determine an unknown low voltage, a range somewhat above 
the line voltage should flrst be tried and a reading taken; lower 
ranges can then be tried until the proper one has been detCTmined. 
Having determined the proper range upon the voltmeter and 
adjusted the variable resistance so that the current flowing is 
exactly the desu^ value, read the voltmeter. Move the volt- 
meter leads to include 12 inches of wire and repeat. Continue this 
operation until the drop over the entire length of copper wire 
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has been determined and then do the same with the remaining 
three wires. Raise the current to | and finally to the full 
value of the current-carrying capacity of the system and measiure 
the fall in potential along each wire. Record readings in neatly 
tabulated form and calculate the resistance of each wire for each 
value of current. Calculate how much power was used in each 
wire for each value of current. Determine the average value 
of the resistance per mil foot for each material and with the value 
obtained calculate the resistance of loco feet of No. lo B. & S. 
wire, obtaining the diameter of No. lo wire from a wire table. 
(b) Determine the hot and cold resistance, total watts and 

watts per candle power for a 
rOi 1 6- and a 32-candle power 

carbon lamp for a 20-candle 
power tantalum lamp, and for 
a 20-candle power tungsten 
lamp 

Carbon has a negative 
Fkj. 2 temperature resistance coeffi- 

cient and metals have a 
positive coefficient. Accordingly, it will be found that the cold 
resistance of a carbon lamp is about double its hot resistance, 
while for the metal filament lamps the hot resistance is many 
times the cold resistance. 

To determine the hot resistance of the lamps, connect 
them as in Fig. 2, to a source of E.M.F. of about 115 volts, in 
series with an ammeter of about 2 amperes range. No series 
resistance is required, as the lamps themselves are of high enough 
resistance to withstand the full line voltage. Using a voltmeter 
with a range of 150 volts, determine the voltage across the lamp 
burning. Remove the voltmeter and read the ammeter. Do 
not read the ammeter with the voltmeter connected across the 
lamp, as the current indicated by the ammeter will be the sum 
of the lamp and voltmeter currents and not the lamp ciurent 
alone. Take a set of readings for each lamp and record them 
in a log as shown in Table I. 
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TABLB I 



Tirpeof 
Lunp. 


Candle 


Volts. 


Amperes* 


Watts. 


Watts per 
Candle 
Power. 


Resistance. 


Hot by 

Drop in 

Potential 


Odd by 

Wheatstone 

Bridge. 
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Determine the cold resistance of the lamps by means of a 
Wheatstone bridge. 

In calculating watts per candle power, assume that the lamp 
gives it rated candle power at the voltage used. The watts 
used per candle power serves as a measure of the efficiency of 
the lamp, in that a lamp is usually rated as using so many watts 
per candle power; a lamp using 1.2 watts per candle power is 
evidently more efficient as a light producer than one using 3 watts 
per candle power. 

Curves, (a) Plot the results obtained for each wire on one 
sheet of cross-section paper, plotting voltmeter readings as ordinates 
and lengths as abscissae. 

Conclusions. How does drop in potential along a wire vary ? 
Why are the curves straight lines? What might cause them 
to be slightly concave upward? Which metal is the better 
conductor and which best adapted for use as resistance wire 
in rheostats and why ? Why did the wires expand during the 
experiment ? How do the values for resistance per mil foot and 
for the resistance for 1000 feet of No. 10 B. & S. wire compare 
with values obtained from wire tables? How do you explain 
the difference in the hot and cold resistances of carbon, tungsten, 
and tantalum lamps? How do the efficiencies of the different 
types of lamps compare? Explain briefly the principle and 
operation of the Wheatstone bridge. 
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EXPERIMENT H 

Measurement of Armature Circuit and Shunt Field 
(a) The resistance of an armature circuit is made up of the 
resistance of the conductors upon the armature, the brushes, 
the brush contacts, and the cables leading from the brushes to 
the machine terminals. In a well-designed motor or generator^ 
the armature circuit resistance is made as low as is consistent 
with the size of the machine^ in order to cut down the amount 
of energy dissipated as heat The rate of production of heat 
in the armature is given by the formula, watts ^/^if. A motor 
or a generator is designed to carry a certain maximimi value of 
armature current and this then fixes the value for /, so that to 
keep the amoimt of heat generated in the armature low, the 
resistance must be made as small as is commercially practical. 

The armature conductors being always of copper, their resist- 
. ance will be independent of the current except for heating. The 
same applies to the machine leads, the resistance of which 
is very small. The brush contact resistance is the resistance of 
the surface contact between the carbon brushes and the com- 
mutator. This resistance is quite appreciable and decreases 
with increase of current strength; it decreases as the mechanical 
pressure between the brush and the commutator increases. The 
resistance of the brushes themselves is insignificant. 

Determine the full load armature current of the machine, whose 
armature circuit resistance is to be measured, from its name- 
plate data; connect the armature in series with an ammeter, lamp 
board and a variable resistance, all of suitable current carrying 
capacity, as shown in Fig. 3. Close the line switch and adjust 
the current to J of the full-load value. 

Using first the highest range of the voltmeter, attach the leads 

6 
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to the two terminals of the machine (corresponding to position 
I in Fig. 3) and read the meter. If the reading is within the 
next lower range, detach the leads from the machine terminals 
and shift to the lower range. When a suitable range has been 
found upon the voltmeter, so that the deflection is a large one, 
read simultaneously ammeter and voltmeter and record the 
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Fig. 3 



readings in a log as in Table II. From the readings taken 
with the voltmeter leads attached as in position i, the resistance 
of the entire armature circuit can be calculated. Leave one 
of the voltmeter leads upon one of the machine terminals and 
starting from the one employed, trace the cable which leads to 
the machine. Find the brush to which this cable is attached 
and connect the other voltmeter lead to some convenient place 
upon it (position 2). After having adjusted the current to its 
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proper value read the voltmeter. From this reading the resistance 
of one of the machine leads can be determined. Then shift 
the voltmeter leads successively to positions 3, 4, 5, and 6, reading 
the meters as before. These readings should be taken as rapidly 
as possible, so that the armature shall not heat up too much. 
Repeat this operation, using 2/3 and full-load armature ciurent, 
respectively. The sum of readings 2, 3, 4, 5, and 6 entered in 
column 7 of the log should equal the values in column i, the 
measured drop of the entire circuit. Calculate the values of 
resistance and tabulate in a form similar to Table II. 

TABLE II 



Amperes. 


Volts. 


Difference 
between 
I and 7> 


I 


2 


3 


4 


S 


6 


7 


Across 
entire 
Arma- 
ture. 
Circuit. 


Across 
ends of 

one 

Machine 

Lead. 


Across 

one 

Brush 

Contact 


Across 
Arma- 
ture. 


Across 

second 

Brush 

Contact. 


Across 

ends of 

second 

Machine 

Lead. 


Sum of 
Drops 2, 

3. 4. S 
and 6. 

























































CatUion. Great caution must be exercised in obtaining the 
voltage across the various parts. In order to obtain large readings 
upon the voltmeter it will be necessary to shift from one low 
reading range to another, so that it must constantly be borne in 
mind that a voltmeter needle is easily bent or the instrument 
entirely burnt out, if a high potential is applied to a low range. 

To determine brush drop, connect one voltmeter lead to the 
place upon the brush or brush stud used in determining the drop 
across the machine leads and hold the other lead on the 
commutator bar directly tmder the brush; do not touch the 
terminals of the voltmeter leads against the brushes. When 
determining the drop across the armature winding hold the 
voltmeter leads to commutator segments which are tmder 
brushes of opposite polarity, again being careful not to touch 
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the terminal on the commutator, against the brush while reading 
the voltmeter. 

Do not permit the armature to rotate, as a counter electro- 
motive force is generated which decreases the current and causes 
an apparent increase in the resistance of the armature. 

CatUion. When it becomes necessary to open the armature 
circuit be sure that the voltmeter leads have been entirely removed 
before the switch is opened. A large amount of magnetic energy 
is stored up in the armature while current is flowing and when 
the curcuit is opened this energy must be dissipated. If a volt- 
meter is connected across the armature terminals a high protential 
will be applied to it, due to the self-induction of the armature. 
This is quite likely to bend the needle of the voltmeter and may 
even bum it out. Therefore never suddenly open a circuit con- 
taining much self-induction while a voltmeter is connected across 
any part of it. 

(b) The f imction of a shunt field is to provide a certain number 
of ampere-turns for the magnetic circuit and this can be 
accomplished either by using a small number of turns carrying a 
comparatively large current, or a large number of turns with a 
small current flowing through them. Generally a large number 
of turns is preferred, as this gives a high field resistance and 
a comparatively small consumption of energy in the field coils. 
A shunt field is always so built that it may be safely placed 
across a line of the same voltage for which the machine was 
designed. 

It must be remembered that a shunt field possesses consider- 
able self-induction, so that when a difference of potential is applied 
to it, the current does not immediately assimie its final value, but 
builds up slowly. This is due to the cotmter-electromotive force 
of self-induction which is set up while the ciurent is increasing. 
This " building up " of the current can be seen very nicely by 
watching the ammeter as the line switch is closed. 

Connect the shunt field whose resistance is to be measured, 

in series with an ammeter of proper capacity, to a source of E.M.F. 

^ual to that for which it was designed ; the connections to be as 
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shown in Fig. 4. Close the line switch and using a voltmeter 
of the proper range, determine the difference of potential between 

the ends of the field. Remove the 
voltmeter and determine the current 
value. Then open the circuit slowly, 
drawing out the arc; be sure the 
/ / ^^ voltmeter is disconnected. 

—J I/— i ^^-^ Also determine the resistance of 

j the field, using a Wheatstone bridge. 
5 Conclusions. Explain why arma- 

ture resistances are made low and 
shunt field resistances high. How 
do the resistances of the various parts 
of the armature circuit vary with 
current ? Why is it imsatisfactory to 
determine the armature circuit resistance with the ordinary 
Wheatstone bridge. Why should an inductive circuit never be 
opened if a voltmeter is connected across any portion of it ? 
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Fig. 4 



EXPERIMENT III 

The Shunt Generator, (a) Preliminary Work with a Genera- 
tor; (b) Magnetization Curve of a Shunt Generator; {c) External 
Characteristic of the Shunt Generator. 

(a) The student should first familiarize himself with the com- 
ponent parts of the machine assigned and look over their construc- 
tion and relation to one another, in order to get a general idea of 
the generator. The following table of data and dimensions is then 

to be completely filled out. 

General 

Type of generator shunt Ciurent 

or compound K. W. Output 

Rated voltage Speed 

f Armature 

« 

i Type ring or drum Active length 

Number of sections Circumference in feet 

Conductors per section Peripheral speed in ft. per min. 

Total number of conductors. . . 

Commutator 

Active length Average voltage between bars . 

Total length Width of bars. 

Circiunference in feet Width of insulation 

Peripheral speed in ft. per min. . Kind of brushes : . . 

Total number of bars Brush area per set 

Numberof bars between brushes Current density in brushes, in 

of opposite polarity amperes per sq. in 

Fields 

Number of main poles Pole width 

Number of commutating poles . . Polelength 

i Pole arc in degrees Width of pole shoe 
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A shunt generator can readily be distingiiished from a com- 
poimd generator by examination of the field coils. A shimt field 
is wound of relatively small wire and there will be only two ter- 
minals on each field spool. A compound generator has a series 
winding of large wire or copper strip in addition to its shimt wind- 
ing, so that each field spool will have two large additional taps 
for the series field current. The remainder of the general data 
can be determined from the name plate. 

The type of armature can generally be determined by exam- 
ining the back connections. A ring winding is one in which the 
wire is wound around an annular ring, so that there are conduc- 
tors both on the outside and the inside of the ring. In a drum 
winding all of the conductors are upon the other periphery. An 
armature section can be defined as that part of the winding, which 
starts at one commutator bar and ends at another. The number 
of sections upon the armature can sometimes be determined from 
the back connections, the number of slots and the connections 
to the commutator. The number of sections will never be less 
than the number of commutator bars and will generally be some 
multiple or sub-multiple of the number of slots. K the manu- 
facturer's data is at hand the number of sections can be taken 
therefrom and then verified. The number of conductors per 
section will probably have to be taken from the manufacturer's 
winding data. The active length of the armature will be equal 
to the width of the pole shoe (i.e., the length of the pole shoe 
parallel to the shaft) plus twice the length of the air gap. 

The active length of the commutator can be regarded as the 
distance occupied by the brushes plus the spaces between them, 
measured parallel to the shaft. A commutator is always made 
longer than this to permit clearance and end play. In deter- 
mining the current density of the brushes, remember that brush 
sets always operate in pairs. In a bi-polar generator each brush 
set carries the total current of the machine. The pole width is 
the distance parallel to the shaft. The pole length is measured 
out radially. 

Before a generator is to be operated, certain conditions should 
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be noted, particularly in a new machine or one which has not been 
run for some time. The things to be noted are as follows: 

(i) Amoimtof oilinthebearingsorcups. With self -oilingbearings 
it is ad visible to note whether the oil rings turn easily and dip into 
oil. This can be readily seen by turning the rings over by hand. 

(2) Condition of the brushes and commutator. The commu- 
tator should be clean and fairly bright. If it is not, it can be 
polished while revolving with fine sandpaper on a flat wooden 
block or a polishing stone. Do not use emery. The brushes 
should make good contact over their whole bearing surface. 

(3) Brush Tension. This should be from one and a half to 
two pounds per square inch of contact surface. 

(4) The armature should turn easily, either by hand in the 
case of a small machine or by means of a lever in a large one. 
If the armature turns hard, either the bearings are in bad con- 
dition or the alignment of the shaft in the bearings is not good. 

(6) A generator is a device which transforms mechanical 
energy into electrical energy. Its operation is based upon the 
fact that when a conductor is moved in a magnetic field so as to 
cut lines of force, an E.M.F. is induced in it. In a generator a 
number of copper wires or bars are mounted upon a cylindrical 
iron core, and this armature, when rotated in a magnetic field, 
generates a voltage. The armature inductors are properly 
interconnected, so as to add their individual E.M.Fs. and are 
also connected to the commutator which rectifies the alternating 
voltages induced in them. 

The fundamental equation of the generator can be written as 

follows: 

<J>XNXnX2p 

^^~ 108X60XC ' (^^ 

where Eg is the voltage generated by the armature; 
^==the flux per pole in lines of force; 
iV=R.P.M. 

w= total number of inductors upon the armature; 
/>= number of pairs of poles; 
c= number of circuits in parallel upon the armature. 
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The derivation fdlows if we remember that when an inductor 
cuts lo® lines of force per second, an E.M.F. of cme volt is induced 
between its ends. 

The magnetic field of a generator is produced by the ampere- 
turns of the field windings according to the formula, 

Magnetomotive force =,4;rX ampere-turns, 




Magneto- moii¥e Force 
Fig. 5 

and this magnetomotive force acting over the reluctance of the 
magnetic circuit produces a flux according to the relation 



flux= 



M.M.F . 

reluctance' 



The curve showing the relation between flux and M.M.F. is 
shown in Fig. 5 ; it is seen that at low values of M.M.F. a small 
increase in M.M.F. produces quite a large increase in flux. As 
the field becomes stronger the flux curve begins to bend over 
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more and more, so that for large additions of M.M.F. there is 
only a small change in the flux; when in this state the iron is said 
to be saturated. 

In the case of a generator, in determining the magnetization 
or saturation curve, we make use of the fact that magnetomotive 
force is directly proportional to the field amperes, since the number 
of field turns is constant. Furthermore, in Eq. (6), if the speed is 
a constant quantity, the generated voltage will be a measure of 
the fiux, all the other quantities being constants. The magneti- 
zation curve of the generator may then be plotted between 
generated vdts and field current. 

It is preferable that the field of 
the generator be separately excited, 
and a very convenient method for 
doing this is the so-called potentio- 
meter method. This consists of a 
rheostat, with a sliding contact, placed 
across the D.C. line as shown in Fig. 
6. By adjusting the slider 5, any 
desired voltage can be had across the 
leads PQy from zero up to the value of 
the supply voltage. If the leads PQ 
are applied to a shunt field it is possible to vary the field current 
gradually from zero to its maximum value. 

Excite the field of the machine to be used, from a source of 
E.M.F. greater than the rated voltage of the machine, using 
potentiometer connection as is shown in Fig. 7. For a 115-volt 
generator, excite the field from a 230-volt line, etc. With the line 
switch open, rotate the machine at its rated speed by means of a 
prime mover whose speed can be held constant; place a volt- 
meter of suitable range across the brushes of the machine. With 
no current flowing through the field of the machine, it will be 
foimd that a small voltage is generated. This is due to a small 
amoimt of residual magnetism retained from a former excitation. 

Now close the line switch and send a small current through 
the field of the generator, making siu'e that its direction is such 
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as to increase the voltmeter reading. Then keeping the speed 
of the machine constant, take about lo readings, raising the voltage 
50 per cent above its rated value. Then decrease the value of 
current in similar steps imtil it is again zero. It will be found 
that the descending curve is higher than the ascending, or in other 
words that the same field current gives a higher generated voltage 
descending than ascending. This is due to hysteresis or the 
retentiveness of the magnetic path. The curve obtained is 
shown in Fig. 8. 

Caution. Because of hysteresis, great care must be taken 
when on the ascending curve, to always bring the magnetizing 





Fig. 7 

current up to the value at which a reading is to be taken. If the 
desired value should be exceeded and the current subsequently 
reduced to it, the readings obtained would lie on the descending 
curve. In case the desired value of field current is exceeded, 
adjust the current to the proper value, open the field circuit 
slowly for an instant and then let the current build up again. 
The opposite applies to the descending curve. 

{c) A shunt generator, as its name implies, is one in which the 
field is shimted or connected directly across the armature. Thus 
a part of the armature current is diverted from the external circuit 
and sent through the field. As has been seen before, the resist- 
ance of the shunt field is made high in order that only a small 
percentage of the current output of the generator may be used 
in this part of the machine: the power expended in the field 
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circuit is lost as heat, and being a constant loss, every effort is made 
to reduce it to as low a value as is practically possible. 

It was mentioned in part (a) that even with no field current 
a small flux due to residual magnetism traverses the armature, 
which the conductors cut as they rotate. If the shunt field is 




Field Current 
Fid. 8 



connected across the brushes, the small E.M.F. generated by the 
armature, causes a small ciurent to fiow through the field winding, 
which strengthens the residual field. This increased field induces 
a higher E.M.F. in the armature, which in turn causes more 
field ciurent, so there results a stronger field, and so on until 
the excitation reaches its proper value. This process is called 
" building up." It is quite evident that if there is no residual 
magnetism present, as may sometimes occiu", that the machine 
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cannot " build up " any voltage. In this case the field must 
be excited by some exterior source of power. Another possibility 
of trouble is reversed field connections, so that whatever voltage 
is generated due to residual magnetism, causes current to flow 
through the field coils in such a durection as to weaken the residual 
magnetism instead of strengthening it To test for this, open 
the field and determine the voltage due to residual magnetism. 
Then close the field and notice if the voltmeter drops toward 
zero. In this case reverse the field connections. If there is a 
short circuit in the external circuit the machine will not build 
up, nor can it if the field connections are open. If the residual 
magnetism is weak, increasing the pressure of the brushes will 
often start a machine to build up its voltage. 

The external characteristic of a shimt generator is the curve 
which shows the relation between terminal voltage and external 
current. If we have a generator rotating at rated speed and 
allow it a definite field current, it will generate a certain E.M.F. 
If the external circuit is closed through a resistance, a current 
will flow through the armature and the external circuit, depending 
upon the value of the voltage generated and the resistance of the 
external circuit. It has been seen before that when current 
flows through an armature, there is a drop of potential, so that 
some of the voltage induced by the generator will be used up in 
the armature and the remainder in the load circuit. We may 
write this in the form of an equation as follows: 

Eg^Et+IaRay (7) 

where £j« voltage generated by the machine; 
£i» terminal voltage; 
/«= current flowing through the armature; 
i^» resistance of the armature circuit. 

As more and more load is placed upon the machine the ter- 
minal voltage is decreased due to the increased IR drop in the 
armature. In addition to this there is also armature reaction to 
be taken into account, the effect of this being generally to weaken 
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the field and thus reduce the generated voltage. Furthermore, 
the shimt field, being also connected across the terminals of the 
machine, receives less and less current due to the temunal voltage 
decreasing which still f luther weakens the fliix. It should be care- 
fully noted that the decrease in shunt field current, is a result of 
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increased armature IR drop and armatiu-e reaction, for if the 
terminal voltage had not fallen due to these two phenomena, the 
shunt field current would have remained constant. 

It is evident from the above that the greater the armature 
resistance the larger will be the armature IR drop and the more 
the voltage will fall off with the load ; armatin-e reaction should 
also be kept as small as possible. 

As the external resistance is decreased more and more, a point 
is reached where the external current no longer increases but 
actually decreases. If the external resistance is still further 
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decreased the current continues to decrease until when dead 
short circuit is reached there is only a small current flowing. 
The E.M.F. generated in the armature under such short circuit 
is due to the residual flux and it is nearly all used up as IR drop 
in the armature, the terminal voltage being practically zero. 
The reasons for the curve bending back on itself can be seen by 
comparing the curve with the magnetization curve as in Fig. 9. 
The machine with no external current flowing is operating at 
a point upon the saturated portion of the curve. When the 
field weakens a little due to the addition of load as stated before, 
the point of operation is then lower down, but as the field is still 
somewhat saturated the change in flux is not great. However, 
when the machine drops down to the straight portion of the 
magnetization curve, where a small change in field current causes 
a large decrease in flux, then the generated and terminal voltages 
fall away quite rapidly and the external current decreases. 

To determine the external characteristic, the machine should 
be so adjusted that when it is supplying full load current 
its terminal voltage is at its rated value. However, if this were 
done, the armature current would reach an excessive value before 
it would turn back on itself, and it is therefore advisable to 
obtain a curve of this peculiar form by starting with the machine 
at its rated votage at no load. Such external characteristic is 
illustrated by the broken curve in Fig. 9. 

According to modem practice nearly all large generators and 
most small ones are equipped with commutating poles, by whose 
aid, sparking^at the commutator and the necessity for brush shifting 
are done away with. The presence of commutating poles may to 
some extent alter the shape of the external characteristic so that 
it is preferable to use a generator not so equipped to determine 
this curve. 

Connect the machine as indicated in Fig. 10, using an ammeter 
of the proper range in the field and one in the external circuit 
whose range will equal twice the rated full load current of the 
machine. 

Adjust the machine to normal voltage at full load and rated 
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speed and shift the brushes to the position giving best com- 
mutation. Without altering the field rheostat remove the load, 
and after making certain that the speed is still at its rated value 
read thevoltmeter. The per cent rise in voltage determines the 
regulation of the machine, as the regulation of a generator is 

given by the equation 

no load voltage— full load voltage 

full load voltage 



Regulation = 



Shift the brushes to give no sparking and then lower the 
voltage of the generator at no load to its rated value, and after 
noting that the speed is at its proper value read the meters. 
(If the generator used is equipped with commutating poles, 
it will not be necessary to shift the brushes if they were prop- 
erly set to start.) Then keeping the speed constant and with- 
out altering the field resistance or shifting brushes, continue 
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Fig. 10 

adding load in the form of lamps or water rheostats in eqiial 
increments, each time taking a reading upon all the meters. Con- 
tinue this until the voltage is low enough for the machine to be 
completely short circuited. Record readings and calculate the 
armature IR drop as indicated in Table IIL 

TABLE III 
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Terminal 
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After this test (using a generator not provided with com- 
mutatlng poles), bring the machine to rated voltage at 
rated speed with no load upon it, adjusting the brushes to give 
best commutation. Then add full load and shift the brushes 
forward until the point of best commutation is again reached ; 
watch the voltmeter very carefully while this is being done. Then 
shift the brushes furdier forward and then backward beyond 
the no-load neutral point, again noting the voltmeter and also 
sparking. 

Finally measure the armature resistance for several values 
of current from zero to the maximum value used. Plot a curve 
between armature current and armatiure resistance and use this 
curve in calculating IR drop in table. 

Curves. Plot the magnetization curve of the machine from 
the results obtained ; plot the external characteristic on the same 
sheet, using same scale for E.M.F. 

Conclmians. What does the magnetization curve show? 
Why are the ascending and descending curves not coincident? 
What purpose does residual magnetism serve? For what 
reasons might a generator refuse to build up and what action is 
necessary to remedy the trouble? Explain why the terminal 
voltage of a generator tends to fall with increase of load. Why 
should the armature resistance of a generator be made low? 
Explain briefly the principles upon which armature reaction and 
sparking depend. Why does the presence of commutating poles 
eliminate sparking and the necessity of shifting brushes. 



EXPERIMENT IV 

The Compound Generator, (a) Armature Characteristic of 
a Shunt Generator, (b) External Characteristic of a Compound 
Generator, (c) Effect of Operating a Compound Generator at 
Speeds Higher or Lower than Rated Value. 

(a) We have seen that when a shunt generator is loaded, the 
terminal voltage falls if no attempt is made to regulate it, the 
decrease being due to IR drop in the armature and armature 
reaction. As a result of these, the shunt field ciurent was reduced, 
causing a still further decrease in voltage. Referring to the 
equation Eg^Et+IRa'i^ is evident that if the terminal voltage 
Et is to be maintained constant while IR^ is increasing, the value 
of Eg must be increased. Referring to Eq. (6) it will be seen 
that either the speed or the field flux might be increased and 
the generated voltage thereby raised. Increasing the field flux 
is the more feasible, as the prime movers used for driving gene- 
rators are built to maintain a constant speed. Then as load is 
added to the generator, sufiicient additional flux must be pro\dded 
in order to raise the generated voltage enough to compensate for 
armatiure IR drop and armature reaction. In order to provide 
more flux, more shunt field current is necessary, so that the no. 
load shunt field current will be smaller than the full-load field 
current. There must then be some external resistance in series 
with the shimt field at no load, which can be cut out and the 
shunt field current thereby increased as load is increased. 

The armatinre characteristic is the curve showing the relation 
between the external and the shunt field ciurents, when the ter- 
minal voltage is maintained constant by shunt field regulation. 
The curve is usually concave upward (as is shown in Fig. n) 
due to the fact that the increase in flux per imit increase of the 
shimt field current, as indicated by the magnetization curve, 

as 
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decreases as the iron approaches saturation. Accordingly there 
is needed a greater increase in shunt field current to compensate 
for a given value of armature /i? drop and armature reaction 
at high loads than at light loads. 

Since the number of turns upon the shimt field is constant, 
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and the number of shunt ampere turns therefore always pro- 
portional to the shunt field current, we can then determine the 
per cent increase in the number of ampere turns from no load 
to full load. 

Connect the generator to be tested as in Fig. lo and start at 
rated voltage and speed with no load upon the machine. Then add 
load, maintaining rated speed and adjust the shunt field resistance 
so that for each addition of load the voltage is brought back to 



THE COMPOUND GENERATOR 25 

its rated value. Take eight readings up to 25 per cent over- 
load. Use log as in Table III. 

(b) It was pointed out in Exp. Ill that a shunt generator, when 
no attempt at regulation was made, decreased its terminal voltage 
with increase of load. However, if suflScient flux was added 
to compensate for the factors causing the decrease, then the 
terminal voltage remained constant. In part (a) it was seen 
that the necessary increase in field ampere-turns could be obtained 
by decreasing the resistance of the shunt field circuit. A very 
simple way of causing an increase in the field ampere-turns is 
to employ the external current, which causes the terminal voltage 
to fall, by simply passing it through the series field winding 
which consists of several turns of large wire. Such a machine 
is called a compound generator. The series field carries all or 
a fixed per cent of the ciurent output of the machine and is then 
in series with the external circuit. The shimt field provides the 
correct no-load flux of the machine, while the series field com. 
pensates for the loss of voltage due to armature reaction, IR 
drop in the armature, and IR drop in the series field itself, if 
the nxunber of series turns is more than sufiicient to compensate 
for all the losses of E.M.F. then the terminal E.M.F.will rise 
with increase of load ciurent. In lighting systems and isolated 
plants the overcompounding, as it is termed, is about 2 to 3 per 
cent, while in railway work the generators are usually 10 per 
cent overcompounded, the E.M.F. rising from perhaps 500 volts 
at no load to 550 volts at full load. This regulation is entirely 
automatic and almost instantaneous. Generally machines are 
built with more than enough series turns, and then a portion of 
the external current is shunted off by means of a German silver 
shunt, so that by varying the resistance of the shunt a wide 
degree of compounding can be obtained. 

From the data obtained in part (a) the number of series turns 
necessary to convert the machine there used to a compound 
generator, can be calculated if the number of tiuns upon the shunt 
field are given, as we then know the actual increase in the ampere- 
turns from no load to full load. By dividing the increase in ampere- 
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turns by the value of the full-load external current we obtain 
the minimum number of series turns that the machine requires. 

It will be found that the external characteristic of a compound 
generator is somewhat convex upward, this being due to the 
shape of that portion of the magnetization curve upon which 
the machine is operated. 

In studying the compovmd generator it is seen that there are 
two different field currents, one circulating through a winding of 
a large niunber of turns of fine wire, the other through a winding 
of a few turns of large wire or strip, so that there must then be 
devised some way of expressing one in terms of the other. This 
is possible if we know the ratio of series to shunt turns, and this 
ratio can be experimentally determined as follows: The series 
field of the machine is first separately excited from some outside 
source of power and a current sent through it, equal to the full 
load external current of the machine. Then with the machine 
rotating at rated speed the voltage across the armature is deter- 
mined. There being no current through the armature, generated 
and terminal voltages are the same. Then in turn, the shimt field 
is separately excited and a current is sent through it of such a 
value that, with the machine again rotating at rated speed, the 
terminal voltage is the same as before. 

In both cases the armature cut the same number of lines of 
force, since it was rotating at the same speed and generating the 
same voltage. The number of ampere-turns upon the field must 
therefore have been identical in both cases, so that we may write 

. 47:nili . 47rW2/2 

^ " reluctance reluctance' 

where wi= number of shunt turns; 
W2= number of series turns; 
/i = shimt field current; 
1 2 = series field current. 

Eliminating constants we have 

12 fti 
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which states that 

^ . t , ^ , , . ^ , 1 series turns. 

Equivalent shunt field ciuTent=senes field current X-r — n 

^ shunt turns 



or 



Equivalent shunt field current = series field current X if. 



In case the series field has a German silver shunt and the 
actual ratio of turns is desired, it will be necessary to determine 
the actual current flowing through the series field. Where the 
value of JT is to be used in getting the total magnetizing current, 
it is better in determining K, to assume that all of the external 




Fig. xa 

current flows through the series field. The value thus obtained 
will be less than the actual value, but it makes calculations easier, 
since to obtain total magnetizing current we need only multiply 
the external current by K to obtain the shunt current equivalent 
to the series field current. 

Thus for any load condition we may add to the shimt field 
current, the corresponding series field current multiplied by K 
and obtain the total magnetizing currept expressed in terms of 
the shimt field current. If the same generator was used for both 
parts (a) and (J) then a curve plotted between external current 
and total magnetizing current from the results of part (b) should 
be very nearly the same as the armature characteristic of part (a). 

Connect up the machine as in Fig. 12 and operating it at rated 
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speed, adjust the shunt field resistance to give rated no load volt- 
age. Then with no further adjustment than to keep the speed 
ccmstant, add load to the machine. Read external and shunt 
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field ciurents and terminal E.M.F. taking ten readings from no 
load to 25 per cent overload. Use a log as shown in table IV. 
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(c) It is of considerable importance that a compound generator 
be operated at rated speed if it is to compound as intended. If a 
flat compounded generator is operated at a speed higher than rated, 
but with rated voltage at no load, it will be found that it will 
overcompoimd as load is added. If it had been operated at 
lower than rated speed, it would have imdercompounded. 

We have seen from Eq. (6) that Eg^k4>N, so that at rated 
speed there is necessary at no load a certain value of flux« This 
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is shown in Fig. 13, oc being the value of the shimt field current 
and oi the value of the flux produced. As load is added to the 
machine the series field provides a certain additional number 
of ampere-turns shown by the distance cd. The machine thus^ 
operates between the points p and q on the magnetization curve, 
the flux added being represented by the dstance ij. This amount 
of flux is suflScient to compensate for the loss of E.M.F. due to 
the addition of load, so that the machine is flat compoimded, as 
shown in the full line curve in Fig. 14. If the machine is to be 
operated at a speed higher than rated, it follows that if the arma- 
ture is to generate the same no-load voltage, the same amount. 



30 



TESTING OF ELECTRICAL MACHINERY 



of flux must be cut per second, so that if the speed is raised, less 
flux is necessary. Under these conditions a smaller shunt field 
current, shown as oa^ is sufficient, so that the machine begins 
operating at the point m on the curve, the value of the flux being 
og. When full load is put upon the machine, the series field pro- 
vides the same addition of ampere-turns as before, so that the 
distance ab is equal to cd. The flux thereby added is shown as 
ghy which is more than ij (the amoimt just necessary to compensate 
for loss of voltage) which causes the machine to overcompound 
as shown in Fig. 14. By similar reasoning it will be seen that 











Fig. 15 

operating below rated speed requires more no-load shimt field 
current, but the magnetic circuit is then more highly saturated 
so that the series field is unable to provide sufficient flux to com- 
pensatel for the losses in potential and the machine undercom- 
pounds. 

Operate the machine with the same connections as in part 
(J) at speeds 15 or 20 per cent above and below rated value, begin- 
ning at the rated value of terminal voltage. Take about eight 
readings up to full load. 

Determine the value of K for the machine as indicated in 
part (6). The connections are shown in Fig. 15. 

Curves. Plot the armatiure characteristic and to the same set 
of co-ordinates, plot a curve between external current and total 
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magnetizing current as obtained in part (ft). To another set of 
co-ordinates plot the three compound characteristics as obtained 
in parts (ft) and (c). 

Conclusions. What is the increase in ampere-turns from no 
load to full load in per cent of the full load value, in the shunt 
generator operating at rated speed? If the number of shimt 
field turns can be obtained^ calculate the number of series field 
turns necessary to make the machine flat compounded with all 
of the external ciurent passing through the series field. How 
could the number of shunt and series field turns be experimentally 
determined ? Why should the resistance of a series field be made 
low ? Explain why a flat compounded generator overcompounds 
or imdercompounds, when operated at higher or lower than rated 
speeds respectively, if started at rated no-load voltage. Would 
you consider the operation of a shunt generator satisfactory for 
commercial work if the load is widely varying and constant 
terminal voltage is desired ? Does the compound generator meet 
the difficulties? Explain why. 



EXPERIMENT V 

The Shunt Motor, (a) Speed Characteristics, (b) Commer- 
cial EflSiciency by Brake Test. 

From a structural standpoint the shunt motor and the shimt 
generator are identical and it will also be seen that both depend 
upon the same phenomena for their operation. In fact any 
direct-current d)niamo-electric machine that can be used as a 
generator can also be used as a motor, the only point of difference 
being in their function and application. A generator has mechan- 
ical energy supplied to its shaft and this energy is converted into 
electrical energy by the rotation of the armature in the magnetic 
field. In the case of the motor, electrical energy is supplied 
to its field and armature and the machine converts it into 
mechanical form at the shaft. 

Motors are usually classed according to their field windings, 
these being known as shunt, series, and compound ; these types 
correspond exactly with those in the generator. 

The operation of a motor involves two f imdamental phenom- 
ena. The first is, that when a conductor carrying current is 
placed in a magnetic field, a force is developed which tends to 
move the conductor in a direction at right angles to itself and to 
the magnetic flux. This force is directly proportional to both 
the strength of the field and the current flowing in the conductor. 
The direction in which the conductor moves (for obviously it 
can sweep across the field in either of two ways) depends upon 
the direction of the current in the conductor and the direction 
of the magnetic flux. 

In a motor we have a nimiber of conductors distributed aroxmd 
the periphery of the armature, and when the latter is placed in 
a magnetic field, some of the conductors develop a torque when 
current flows through them and move at right angles to the field, 
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thereby rotating the armature. As they move out of the field, 
others take their places and in turn also move out, so that the 
torque is continuous and the armature keeps on rotating. 

The second phenomenon is the same as that upon which 
the operation of a generator depends, namely, that when a cchi- 
ductor, whether carrying current or not, is moved in a magnetic 
field so as to cut lines of force, an electromotive force is generated 
in it. 

In the case of the generator, as soon as current flows in the 
windings of the armatiure, a torque is produced which tends to 
move the conductors in a direction opposite to that in which the 
amature rotates, due to the fact that the conductors are carrying 
current and are placed in a magnetic field. That is, the current, 
which flows through the conductors as a result of their cutting 
the magnetic field, causes a torque in the direction opposite 
to that in which they are moving. It is this counter torque 
which the prime mover must overcome in order to continue the 
rotation of the armature. 

In the motor, when current is sent through the armature 
winding, a reaction takes place between the armature conductors 
and the magnetic field and the armature rotates. As soon as 
it begins to rotate, due to the fact that the conductors are cutting 
the lines of force of the field, an E.M.F. is generated, which is 
in the opposite direction to that impressed upon the armature. 
This is called the "covmter" E.M.F. of the motor and evidently 
it cannot become equal to, or greater than the impressed E.M.F., 
so long as the machine is operating as a motor, for then no current 
woidd flow and the armature would cease rotating. 

It follows then, that the generated E.M.F. of the generator 
and the counter E.M.F. of the motor are the same and that the 
terminal E.M.F. of the generator becomes the impressed E.M.F. 
of the motor. In Eq. (7) {Eg=^Et+IRa), we saw that while 
the machine was delivering current and IR therefore positive, 
that Eg was greater than £«, while if no current flowed. Eg and 
Et would be equal. If the machine operates as a motor and 
takes ciurent (which for the same direction of rotation could flow 
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in the reverse direction) IR would be negative. Under these con- 
ditions Eg is called the coxmter E.M.F. and is evidentiy less than 
Eu We may then write 

e=Et-IR, (8) 

where «=C.E.M.F. 

By transposition we also have 

Et^e+IR, (9) 

Et-e 
and ^^~R~' ^^^^ 

The latter form is really Ohm's law for a motor and it indi- 
cates that the armature current is caused to flow by an effective 
E.M.F., which is equal to the difference between the impressed 
and the coimter E.M.F.'s. 

Since the C.E.M.F. of a motor is the same as the generated 
E.M.F, of a generator, then Eq, (6) is also that for the C.E.M.F. 
of a motor, so that we have 

e^^-j-^-^==K<f>N, (11) 

which indicates that the C.E.M.F. depends upon the flux and the 
speed. 

The shunt motor, as stated before, has its field and armature 
connected in parallel across the supply circuit. Since the resist- 
ance of the shunt field is constant except for temperature changes, 
the field ciurent and therefore the flux will depend upon the 
line difference of potential. This usually has a constant value 
and as a result, the flux, so far as it depends upon the field current, 
will remain constant, i.e., independent of load. 

With this fact in mind, let us now consider what happens 
when load is placed upon the armature. This means that the 
armature must increase its torque or turning effort and to effect 
this, there must be a greater force exerted between the armature 
inductors and the field flux. This force is proportional to the 
product of field flux and armature current, so that if it is to be 
increased there must be an increase in the armature current, 
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the field flux being constant. Now consider Eq. (lo), in which 
Et and Ra are constant. If la is to increase, e must decrease, 
and in order that this may be, since (f> is constant, the speed must 
fall. This brings us to the first operating characteristic of the 
shunt motor, namely, that as the load is increased, the speed falls. 
Thus, when additional load is put upon the motor, the machine 
at that instant not developing the required torque, begins to 
slow up a trifle. This causes the C.E.M.F. to decrease, more 
current passes through the armature and a greater torque is 
developed. This continues until the motor exerts the required 
torque, the speed becoming constant at a value a little below 
what it was before. In a well-designed shimt motor the decrease 
in speed from no load to full load is, however, very small, so 
that the shunt motor is often called a constant-speed machine. 
From Eq. (8) it is evident that if J?a is high, the drop in speed 
will be large, so that to obtain good speed regulation with load, 
the armature resistance must be low. 

Let us now consider what happens when resistance is inserted 
into the armature circuit. When current flows through the resist- 
ance there will be an IR drop across it, so that the E.M.F. applied 
to the armature terminals will be the difference between the line 
E.M,F. and the IR drop across the variable resistance. 
Then 

Et-IR^,r.=e+IRa (12) 

For this equation to be satisfied, e must decrease, but since 
e—K<t>N^ in which <f> is constant, the speed must fall. This 
in one sense, is equivalent to changing the armatiure resistance, 
as will be seen if we rewrite Eq. (12) in the form 

Et^e+I{Ra+Rc.r). 

The effect of adding resistance to the shunt field circuit is 
just the reverse. The first effect produced is a decrease in the 
shunt field current, which in tmn decreases the flux and the 
C.E.M.F. This permits more armature current to flow and 
the extra torque developed accelerates the motor imtil the C.E.M.F. 
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has built up to such a value that normal armature current is again 
flowing. If the armature current has nearly the same value in both 
cases (Le.^ before and after resistance was added to the field) then 
the value of the C.E.M.F. must be nearly the same for both cases 
and in order to satisfy this condition for a decrease in flux, there 
must be a corresponding increase in the speed. To operate the 
motor at a higher speed requires a slight increase in torque, so that 
with the weaker field the armature current must increase enough to 
cause the motor to exert a little greater torque than before. The 
practical limit to weakening the field is imposed by sparking 
at the brushes, due to the fact that with the weakened field, 
armature reaction is able to distort the field to such an extent 
that there is no commutating flux. The absolute limit to field 
weakening is complete open circuit in the shunt field. If this acci- 
dentally occurs, the machine will tend to speed up to a dangerous 
value, the high speed being necessary to generate the proper 
value of C.E.M.F., since only residual flux is present. Mean- 
while it also draws an excessive value of current from the line. 

When the brushes are shifted in a motor, as in the generator, 
armature reaction is intensified. For a backward shift, due to 
the creation of more back ampere-tums, part of the main field 
flux is neutralized and as above the speed rises. Furthermore, 
the effect of shifting brushes is to decrease the effective number 
of inductors upon the armature. In Figs. i6 and 17 is shown 
a motor armature in which the inductors marked with a cross 
carry current away from the observer, those marked with a dot 
toward the observer. 

We have seen that when the conductors upon the armature of 
a motor revolve in the magnetic field, there is generated in each 
an E.M.F. which is in the opposite direction to that impressed 
upon the armature. This generated E.M.F. was called the 
counter E.M.F. Considering only the C.E.M.Fs., in the case 
of the conductors to the left of the line aa in Fig. 16, the ends 
toward the observer are positive with respect to the ends away 
from the observer. In those to the right of aa', the observer is 
looking at the negative end of the conductor. In an armature 
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the individual conductors are always so connected that the posi- 
tive end of one of the right-hand conductors is joined to the 
negative end of a conductor on the left of aa'. Thus all of the 
conductors are joined to add their individual C.E.M.Fs, 

If the brushes are now shifted backwards to the position hh\ as 
shown in Fig. 17, the current in inductors 7, 8, 15 and 16 is 
reversed, but as these conductors are still cutting the flux as before, 
the upper ends of 7 and 8 will still be negative and those of 15 
and 16 positive with respect to the lower ends. Since the upper 
end of each conductor above W is joined to the upper end of 




some conductor below W ^ then some of the conductors are 
connected in the improper order, i.e., the positive ends of some 
of the conductors are joined to a positive end of another. 
The C.E.M.Fs. of some of the conductors thus oppose those 
generated in others, and the effect is equivalent to decreasing 
the effective number of inductors. Since e^K'^Nn it follows 
that if ^ is to remain at its proper value, the speed must 
increase. 

We have seen before that the effect of additional load is to 
cause the speed of a shunt motor to decrease. Increase of arma- 
ture current is also accompanied by greater armature reaction, 
whose effect, as we have just seen, is to decrease the effective 
flux and thereby increase the speed. It might then be argued, 
that if armature reaction were made great enough, a constant 
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speed shunt motor might be designed. Whereas this is possible^ 
it is never done, armature reaction being kept as low as possible to 
obtain good commutation. Besides, the drop in speed in a shimt 
motor, from no load to full load, being only a few per cent, is of 
no great commercial importance. 

In order to change the direction of rotation in a motor the 
relation of armature current to field flux must be changed. This 
involves reversing either the armature or the field current. If 
both are reversed, their relation remains the same and the armature 
continues to rotate in the same direction as before. 

Connect the shunt motor to be used as in Fig. i8, choosing 



VR 




M/i/wwi r(7) 




Fig. i8 



ammeters and variable rheostats of suitable current capacity. 
The terminals of the starting box will generally be marked as in 
the diagram and they should be connected as indicated. The start- 
ing box shown has four terminals, of which two are marked 
" line "; one of these will be a large terminal (marked " a '* in 
the diagram,) the other is a small terminal (marked " b ")• Many 
starting boxes are provided with only three terminals, and in this 
case, line terminal b is the one omitted and the connection 6, F29 
is left out. 

With all of the resistance cut out of both rheostats, close 
the line switch and slowly move the handle of the starting box 
as far as it can go. If the starting box is properly connected the 
handle will remain in this position. 

(i) With the machine running free, adjust the brushes by shift- 
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iug backward and forward, to obtain the mim'iniini speed; note 
that at this point the sparking is a miniimini. It is known as 
the no-load neutral point. 

(2) Shift the brushes forward a small amount, note speed 
and sparking and read the meters. Again move them forward 
an equal amount and repeat. Continue this until either the 
speed rises 25 per cent or the sparking becomes bad. Repeat, 
moving the brushes backward. 

Note : If the machine assigned is provided with conunutating 
poles, perform i and 2 upon another machine. 

(3) With the brushes on the neutral point, insert resistance 
into the shimt field circuit by means of VRf. Do not raise the 
speed more than 25 per cent above the normal value. Carefully 
determine speeds and read all meters. Take from 8 to 10 read- 
ings, recording in a log as in table V. 



TABLE v 



Armature 
Volts. 


Armature 
Amperes* 


Field 
Amperes. 


Speed. 


Armatore 
IR Drop. 


C.B.M.F. 



























(4) Insert resistance into the armature circuit by means of 
VRa (yRp should be all cut out), again noting speed variations 
and reading all meters. 

(5) Investigate the methods of reversing the direction of rota- 
tion of the armature. 

(6) The rating of a motor is always given in horse-power, and 
is the actual or available horse-power at the motor pulley. To 
determine the horse-power output of a motor, we must know the 
pull Fy which the motor is capable of exerting at the periphery of 
the pulley and also Z, the radius of the pulley. In one revolution 
the point of application moves a distance 2nL with respect to the 
pulley, and in one minute, if N expresses the R.P.M., it moves 
a distance 2nLN. The work done in foot-pounds per minute is 
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then 2nFLN, and since 33,000 foot-pounds per minute is equiv- 
alent to one horse-power we have 



H.P.= 



2kFLN_TN_ 
33.000 "5250' 



(13) 



where L is expressed in feet, and T is the torque in pound-feet 

The eflSciency of a motor is the ratio of the power which the 
motor gives out in mechanical form, to that which it receives in 




^ 



Fig. 19 

electrical form. The most direct way of getting the eflSciency 
is to measure both; to get the mechanical output a brake is most 
commonly used. 

The principle of a mechanical brake is that mechanical energy 
is transformed into heat by friction. One of the simplest forms 
of brakes is one in which a leather or canvas belt is partly wrapped 
aroimd the pulley, as shown in Fig. 19. The belt is suspended 
from two spring balances, one of which is suspended from a hook 
in some form of frame, the other being hung from a threaded rod 
which passes through the frame and engages a handwhed. To 
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adjust the brake, it is first necessary to allow the belt to hang 
loose, when, due to the weight of the belt there will be a small 
pull upon both balances. This must be noted and subtracted 
from all subsequent readings. Any load can now be put upon 
the motor by increasing the tension of the belt, which causes 
greater friction. In order that the pulley shall not get too hot, it 
is generally of the water-cooled type, i.e., built to hold water in 
the inside of its rim. The pull exerted by the motor is the 
difference between the net readings of the spring balances. 




Fig. ao 



Another form of brake which is very commonly used, is known 
as the Prony brake. A good form of it, as shown in Fig. 20, 
consists of a beam of wood hollowed out at one end to fit the pulley. 
Aroimd the pulley are placed two thin iron straps on the inskle 
of which are placed small blocks of wood. One end of each strap is 
fixed and the other ends are attached to a threaded rod which 
passes through the beam and can be moved up or down by means 
of a nut or threaded handle. The tension of the brake can thus 
be varied at will. 

The brake described above has the effect of increasing the 
radius of the pulley, as the force is measured in a direction per- 
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pendicular to a line passing through the center of the shaft or 
pulley. In the form of brake described above it is rather diflScult 
to do this, as the line from the center of the pulley to the point of 
application of the force is to a certain extent imaginary. Con- 
sidering Fig. 21, we have that the torque is equal to the product 
of F and Z. We have, however, that 



L'^'Lcosd or £=5 



cos^' 



Now F^F* cos d. It follows then that 



L' 



FXL ^XF'cos^=L'XF'. 

COS6r 

If the arm of the brake is held horizontally, the torque of the 




Fig. 21 

motor will be given by the length of the lever arm multiplied by 
the puU indicated by a spring balance pulling in a direction perpen- 
dicular to the brake arm. In order to determine the pull exerted by 
the brake itself, clamp it fast to the pulley and slowly raise and lower 
the brake, taking readings upon the spring balance. The average 
of these two readings gives the pull due to gravity of the brake. 
Remember to hold the spring balance perpendicularly to the brake 
arm when raising or lowering it. 

In Fig 22 are shown the characteristic curves of a shunt 
motor. It will be seen that the eflSciency, at first, rises very 
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rapidly with increasing H.P. output, then slowly bends over, 
becomes horizontal and falls on overload. This is due to the 
fact that the losses of the machine are at the start nearly constant, 
but increase more and more rapidly imtil on overload they increase 
faster than the output. This is principally due to the armature 
copper loss, which varies as the square of the armature current. 
The same factors cause the curve -plotted between H.P. output 
and amperes input, to become concave upward on overload. 

To determine the commercial efficiency of the motor to be 
tested, connect it up as in part (a), omitting the two variable rheo- 
stats. Determine the full load armature current and operate the 
motor, first with no load upon it and then with J, J, |, i, J, ^ and f 
full load armature current. Read all three meters and the two 
spring balances and determine the speed for each setting. Record 
readings in a log as shown in Table VI. 



ii^"*P"^'rJS^^j, 




ffj>. Output 

Fig. 22 



Torque 



Measure the armature circuit resistance for the same range 
of currents as used above. Use the values here determined in 
the calculations for both parts (a) and (6). 

Curves. — (a) Plot a cxurve between field current and speed 
from the results of run 3. Upon the same sheet of cross-section 
paper plot a curve between armature E.M.F. and speed from the 
results of nm 4. Plot speed as abscissa in both cases. 
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(b) Upon a second sheet of cross-section paper plot a set of 
curves as indicated in Fig. 22. Plot a curve between armature 
resistance and armature current upon a separate sheet. 



TABLE VI 



A 

Volts. 


B 
Armature 
Amperes. 


C 

Field 

Amperes. 


D 

Total 

Amperes. 


B 

C.B.M.P. 


P 

Spring 
Balance Si 


G 

spring ' 
Balance St 








B + C 




Initial 
Reading » 


Initial 
Reading- 

















H 

Net PuU. 


/ 
Torque. 


J 

Watts 
Input 


K 

H.P. 
Input. 


L 

H.P. 

Output. 


M 

Percent 
Efficiency. 


N 

JK. It. M. 






AXD 

























NoU — When using Prony Brake omit columns P and G. 

Conclusions. — ^What are the principles upon which the motor 
operation depends? How can the speed of a shunt motor be 
raised ? How lowered ? Give the reasons for these results. What 
are the disadvantages of each method ? Why is the curve between 
field current and speed concave upward ? 

Explain the form of the load characteristics. Why does the 
speed of a shunt motor fall off slighdy from no load to f uU load ? 
Why must the armature resistance be made low ? 



EXPERIMENT VI 

The Motor Starting Rheostat. We have seen that when 
current flows through an armature that there is an IR drop, which 
when multiplied by the current gives PRy the rate of production 
of heat. If at ordinary temperatures the armature is unable to 
radiate this heat as fast as it is produced, it may rise to a tempera- 
ture of ICO*' C. or more, at which values of temperature the 
various kinds of insulation upon the armature will be damaged. 
Accordingly the current capacity of a machine is taken as that 
value, which, with continuous operation will not cause the tempera- 
ture of the armature to rise more than 50® C. above a room 
temperature of 25° C. A machine is, however, usually capable 
of carrying a large current for short intervals, say 150 per cent 
•of its full load value for half an hour. It could also be possible 
for a motor to take an instantaneous current of many times its 
rated value without xmdue injury, but such a current value would 
be beyond the range of the protective apparatus, such as fuses 
and circuit breakers. 

When the armature of a motor is at rest and an E.M.F. is 
applied to its terminals, there is only the resistance reaction 
to balance the applied voltage, so that a current will flow through 
the armature according to the relation 

T ^o 

where /«= armature current; 

Ea= voltage impressed across the armature; 
Ra = armature resistance. 

The armature resistance being very low, it follows that if the 
value of Ea is that of the line upon which the motor is intended 
to operate, the armature current would be excessive. 
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The most natural method of preventing an abnormal current 
is to insert resistance in series with the armature, so that we have 



Ra-\-Rx 



where /« and Ra are the same as before; 
£<= voltage of supply circuit; 
/?x= external resistance in series with armatmre. 

Let us leave this discussion for a time and consider the 
conditions which a motor must fulfill in order to properly start a 
load. In most cases a motor at starting, must exert its full load 
value of torque and in many cases a value greater than this. This 
means that the resisting torque of a load during starting of the 
motor, is equal to or somewhat greater than when running. The 
question of acceleration is also of considerable importance, for 
while desirable that the starting-up period be reasonably short, it 
must not be so short, as to demand such a value of torque which 
might cause a shaft to be bent or a belt to sUp. It is usually 
foimd that if a motor is capable of exerting a torque of loo to 
150 per cent of its full load value, that the rate of acceleration 
is of the proper value. 

The torque or turning effort of a motor depends only upon 
the current through the armature and upon the field flux, and 
is entirely independent of speed. It follows from this that the 
value of the field current should be a maximmn, as then we can 
obtain any value of torque within the range of the motor, with 
minimum armature current. A shunt motor is nearly always 
so operated (i.e., with its field connected directly across the line) 
and then when full load current flows through the armature 
the motor exerts its full load torque. If we desire twice the full 
load value of torque we must supply double the armature current. 

Therefore, to properly start a shunt motor we must connect 
its field directly across the supply line, so as to obtain maximum 
value of flux and then connect the armature to the supply line, 
in series with an external resistance of such a value that an 
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armature current equal to loo to 150 per cent of its full load 
rating of the machine will flow. 

The resistance in series with the armature also serves another 
purpose, namely, that of reducing the voltage applied to the 
armature. The effect of this (as we have seen in the previous 
experiment) is to reduce the speed. As soon then as the armature, 
with resistance in series is connected to the line, the current 
rises to 100 to 150 per cent of the full load value. This 
reacting with the field flux produces a torque which starts the 
armature rotating. As soon as it starts to rotate, a C.E.M.F. 




,345 
Points on Starting Box 

Fig. 23 

is generated^ which in turn reduces the current to a smaller 
value and the motor continues to rotate at a speed somewhat 
below its rated value. If now a little of the starting resistance 
is taken out, there will be another increase of the current, more 
torque will be exerted and the speed will rise to a higher value. 
The sudden increase in current each time the starting resistance 
is reduced, is occasioned by the fact that the voltage across the 
armatmre is suddenly increased, whereas the C.E.M.F. at that 
instant is at the value fixed by previous conditions. Finally when 
all of the starting resistance has been taken out, the motor is 
operating at full speed directly upon the line. The variations 
of the armatmre cinrent during starting imder full load are shown 
in Fig. 23. 

Motor-starting rheostats are made up in many different forms; 
a rather completely equipped form is shown in Fig. 24. The 
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Starting handle is shown in a position cutting out part of the 
resistance. Current enters let us say at the terminal L and flows 
around a solenoid 5, through a switch-blade contact C, along 
the movable ann D to the movable arm E. The current then 
divides, part going through the resistances fa, r^ rs to the ter- 
minal A, which is connected to the armature. The remainder 
of the current goes through the resistances ri, r2, to the terminal 
F, which is connected to the field. These currents imite at 3/, 
flowing back to the line on a common conductor. 




Puaei 



Fig. 24 

When the motor is standing still, the main switch is open 
and the arm E of the starting rheostat is over to the left against 
the stop N, being held there by a spiral spring P at the pivot 
of the arms. To start the motor, the line switch is first closed 
and the arm E slowly moved over to the right against the ten- 
sion of the spring P, until it is on the last notch. Here the 
arm is held by the attraction of an electromagnet H for the 
iron keeper K upon the arm. This device is commonly called 
the "no-voltage" release. The electromagnet is energized by 
current flowing from P and through the high resistance if, this 
circuit being thus connected directly across the supply line. When 
the main switch is opened or the line potential fails, the solenoid 
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H is demagnetized and ihe starting arm swings back to the 
starting position, automatically protecting the motor for the next 
starting or from a big inrush current if the line potential were 
again applied. 

The other automatic device is the overload release, which is 
essentially a circuit breaker, A solenoid B is placed in series 
with the main circuit and when the motor current momentarily 
exceeds a certain limit, the pltmger Q is attracted upward and 
strikes a trigger T. This releases the arm Z>, which swings in 




Fig. 25 

toward £, due to the action of the spring P. The circuit is thus 
automatically opened at C The lever D cannot be reset without 
moving the arm E back beyond its starting position. 

In a majority of the starting rheostats in use, the overload device 
is not used, the line fuses being relied upon to open the circuit 
in case of overload. The advantage of having the overload release, 
is that it is easily reset, whereas it takes time to put in new fuses. 

Another form of starting rheostat is shown in Fig. 25, in 
which it will be seen that the winding of the no-voltage release 
is in series with the field, instead of being connected directly 
across the line as in Fig. 24. This is an excellent arrangement, 
as it guards against accidental opening of the field. There is 
the disadvantage that a certain size starting box cannot be used 
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on all motors of the same size and voltage, inasmuch as the value 
of the field current may not be the same for the various different 
motors. The manufacturer of the motor can decide upon any 
value of field current he chooses, as field excitation is only a 
matter of ampere-turns. Thus in one motor the field current 
may not be high enough to give the electromagnet su&ient 
excitation to hold the starting arm, in another it may be so large 
as to cause the winding of the magnet to heat. 

The type of overload release shown oa Fig. 25 is also dif- 
ferent from that in Fig. 24, In this case the arm F' is provided 
with a small piece of copper strip 5', bent as shown. When F' 
is attracted due to an overload current flowing through the 
solenoid B\ the copper strip makes contact with two complemen- 
tary strips of copper and thus short circuits the winding of the 
no-voltage release. As a result the latter is short-circuited and 
de-energized and permits the starting arm to swing back to the 
starting position. The trouble with this device, though cheaper to 
manufacture, is that the auxiliary contacts are liable to be bent or 
become dirty and thus inoperative. The form of overload release 
shown in Fig. 24 is more positive in its action and more reliable. 

For this experiment, a starting-box is necessary which will 
permit a motor to be operated at full load current at the various 
notches for short intervals without dangerous overheating. Con- 
siderable energy is transformed into heat in the box imder these 
conditions and most types will be injiu^ if so operated. There 
are, however, a few excellent t3rpes upon the market in which the 
resistances are imbedded in sand with no soldered connections 
and which are absolutely fireproof. 

Connect the motor to be used in studying the operation of 
the starting box assigned, as in Figs. 24 or 25. The ammeter 
to be used in the armature circuit must have a range equal to 
double the full load armature current of the motor. The two 
voltmeters should have a range a little larger than the line voltage. 
Provide a slip of paper for each meter upon which the readings 
can be jotted down, as there will not be time to record them in 
the log. Three men are really needed for rapid work, one to 



THE MOTOR STARTING RHEOSTAT 



61 



manipulate the starting lever and read one voltmeter and the 
field anmieter, the second to read the remaining meters and the 
third to take speed. 

With no load upon the motor close the line switch and put 
the starting lever upon the first notch of the rheostat. At the 
same time the maximum throw upon the armature ammeter 
must be noted and immediately recorded. As soon as the motor 
has reached steady speed, as determined by a tachometer, a 
reading upon all the meters is to be taken. Then the starting 
lever is to be moved to the second notch, the maximum reading 
upon the armature ammeter, the speed and all the steady values 
are again to be recorded. This is continued until the running 
position has been reached. 

Then put a brake upon the motor and with the motor running 
at full speed tighten the brake until the armatm-e current is about 
80 per cent full load value. Then without changing the tension 
of the brake stop the motor and proceed as before. 

It is imperative that the readings be taken rapidly, else the box 
wiU heat excessively. 

After the second nm, determine the armature resistance for 
several values of current, covering the range recorded in the test. 

TABLE VII 



- 

1 


i a 


3 


4 


5 


6 


7 


8 


9 


Arma- 
ture 
E.M.P* 

Va 


Box 
B.M«F* 

Vb 


Line 
E.M.P. 


Armature Current. 
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Cumnt* 


CE.Aa.P. 


Speed. 


Box 
Resist- 
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Maxi- 
mum. 


steady. 
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Record readings in a log as in Table VII, using steady values 
of armature current to calculate C.E.M,F. and box resistance. 
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Curves. Plot a curve between armature current and notches 
on starting box as indicated in Fig. 23, for both no load and full 
load runs. Also plot curves for both runs between speeds 
(abscissa) and C.E.M.F. 

Conclusions. Why is a starting rheostat necessary? Why is 
it essential to provide maximum value of field current at the 
first point? Why should a motor be started slowly? How do 
armature and field currents vary during starting? Why cannot 
the usual type of starting box be used for continuous operation 
with the lever upon any of the starting notches ? 



EXPERIMENT VII 



Shunt Motor EfSciency by the Stray Power Method. The 

electrical input to a motor is not all converted into mechanical 

energy, some of it going to waste in various ways. Accordingly 

we may write that 

Input = Output + Losses, . . 
and also 

r-^ . 1 r^rn • Output Input "Losses 

Commercial Efficiency = 



(14) 



Input Input 

The losses in any motor can be divided as follows : 

[Copper loss in armature 



(IS) 



Losses 



Copper 



Copper loss in fields 
Friction or 



Stray Power 



r Bearing Friction 



- , , . - - ] Air friction or wmdage 

Mechanical losses ho t r • x.- 

I Brush fnction 



Iron or 
^ Core losses 



Hysteresis loss 
Eddy current loss. 



Upon consideration of the copper losses, it is evident that if we 
know the resistance of the armature circuit we can immediately 
compute the PR loss for any value of current. This is true for a 
current actually measured or assumed and the same applies to 
the fields. 

The friction losses will vary directly with the speed within 
the limits between which the machine is operated. The hys- 
teresis loss, however, varies directly as the speed and the 1.6 
power of the magnetic density in the armature iron. The eddy 
current loss varies as the square of both the speed and the mag- 
netic induction. 

In the shimt motor as commercially operated two factors 
are considered constant, namely, the impressed E.M.F. and the 

S3 
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shunt field current. Let us, for the moment, neglect the eflFect 
of armature reaction upon the flux and therefore consider the 
latter as being constant under all conditions of load. 

When the load upon the motor was increased, we foimd that 
there was a decrease in C.E.M.F. and a slight drop in speed. 
From the equation e^K<f>N it follows that if the flux is consid- 
ered constant, the C.E.M.F. is directly proportional to the speed. 

The equation for the armature current of a shimt motor is, 
as we have seen, 

Ee-e 



/«= 



R 



so that, knowing the resistance of the armature, we are able to 
calculate the value of the C.E.M.F. for any value of armature 
current. Nor does it make any difference whether this value 
of armature current is one actually obtained in practice or 
one assumed. Then if we know the value of the speed and 
C.E.M.F. at some value of armatiu-e current, we can calculate 
the C.E.M.F. at any other armature current and by proportion 
obtain the speed. That is, we predict the speed at which the 
motor would run if it had a certain value of armatiure current. 
We can thus forecast the speed load curve of a shunt motor pro- 
vided that we know the armature resistance and the speed at 
some one value of armature current. 

Consider then that we know the value of armature current 
and speed when the motor is running free, with rated voltage 
applied to both armature and field. From the name-plate of 
the motor we can find what the manufacturer intended the full 
load armature current should be. From this full-load value 
of the armature current, we can calculate the value of the full 
load C.E.M.F. and by proportion obtain the full load speed 
of the machine, using the relation 

C.E.M.F. at no load : C.E.M.F. at full load « 

Speed at no load : Speed at full load 

The full load speed will of coiurse be lower than the no load speed. 
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Knowing the full load armature current we also know the 
complete power input, that being the sum of the armature and 
field currents multiplied by the terminal E.M.F. As we know 
the value of armature and field resistances, we can readily deter- 
mine what the armature and field copper losses will be. So that 
the only other losses that so far we do not know, are the stray 
power losses. 

When a motor is operating at no load, that is, running free, 
the entire input is used in overcoming losses in the machine itself. 
If the known copper losses be subtracted from the input, we 
have left the stray power loss at no load, at a particular speed 
and the rated value of field current. Similarly we could determine 
the stray power loss at any other speed and field cmrent. 

Suppose we knew the full load speed of the machine and were 
to operate the motor with no load upon it, at this value (which 
is of coiurse lower than the no load value) and at rated value of 
field current. We could then calculate the stray power loss of the 
machine, when rimning at its full load speed and rated field 
current but with no load upon it. 

The effect of armature reaction, proportional to load current 
and brush position, is to modify somewhat the stray power loss. 
If we neglect this effect, however, it is possible to obtain full 
load stray power or stray power at any fractional load, without 
actually loading the motor. If, e.g., the full load speed is known, 
then full load stray power may be obtained with the machine 
running free by measuring armature input, with normal field and 
sufficient impressed E.M.F. to give full load speed. Stray power 
loss is then obtained by subtracting the armatiure copper loss 
from the armature input. Then knowing all the losses and the 
total input, we can readily determine the commercial efficiency. 

It is, however, necessary that we consider what effect load 
does have upon the value of the stray power losses. As soon 
as armature current flows we have armature reaction, the effect 
of which is generally to weaken the main field. This tends to 
raise the speed, of the motor, or in other words the actual speed 
load curve is slightly higher than the predicted curve. As a 
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result of these conditions the value of stray power will be slightly 
different from those determined with no load upon the machine. 
However, the difference is small and inasmuch as stray power 
itself is a small per cent of the total input, the error is negligible. 
The advantages of the method, however, more than counter- 
balance this, for being a prediction method there is a great saving 
in power. Waste of power is imavoidable in a brake test and 
even at times prohibitive, as the necessary power may not be 
available. Then again the losses are measured by means of 
electrical instruments which are very accurate, very much more 
so than the forms of brakes used, which are also difficult to operate. 




Fig. 26 

The method is therefore preferable in most cases, particularly 
where the division of the losses into separate components is 
desired. 

Before operating the motor to be tested first detemine the 
resistance of the armature circuit for 8 values of cmrent between 
a very low value (2 or 3 per cent of rated value) and 150 per 
cent full load current, and plot the values as a curve. 

Connect the motor as in Fig. 26, the source of power being 
preferably a laboratory generator whose terminal voltage is xmder 
control. With both VRa and VRf both out, operate the motor 
with rated voltage impressed across both field and armatiure. 
Let the machine operate for about 1 5 minutes and then measure 
speed and both field and armature currents very carefully. 

Determine the full load armatm-e current of the machine 
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from its name-plate and calculate the C.E.M.F. for 25, 37.5, 
50, 75, 100, 125, and 150 per cent full load currents. Then 
calculate the C.E.M.F. when running light and with the speed 
there found, determine by proportion the speeds corresponding 
to the armature currents assumed above. 

Then operate the machine at rated field current and at the 
calculated speeds and read all meters. A good method of pro- 




]y/J». Oatptit 
Fig. 27 

cedure is to set the value of the supply line a few volts above the 
rated value of the machine. Then insert resistance into the 
field circuit by means of VRf until rated value of field current is 
flowing. Then decrease the speed of the machine to the desired 
value by inserting resistance into the armature circuit by means 
of VRa. 

In the log, as shown in Table VIII, part a is for the operation 
at no load to determine the stray power loss corresponding to 
each load speed. All of the coliunns in part b are to be cal- 
culated or assumed except coliunn 9, which is taken from part a. 
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I Curves. Plot the predicted loss curves of the machine, as 
shown in Fig. 27; also plot the curve of predicted efficiency, 
using same scale for abscissa as for the loss curves. If this 
experiment is performed on the same machine as was previously 
W tested by brake (Ex. 5), plot the efficiency curve obtained by 

brake on same curve sheet as those obtained by prediction 
method. 

Condusians. What is the assumption upon which the stray 
power method of determining the commercial efficiency of a 
shimt motor is based ? What are the advantages of the method ? 
How do the losses vary from no load to full load ? Why does the 
efficiency at first rise and then fall ? 



EXPERIMENT VIH. 

Series Motor. In the series motor, the field winding is placed 
in series with the armature and carries the whole armature 
current, and this fact causes its characteristics to be entirely 
dijSerent from those of the shunt motor. 

The equation for the current in a series motor is as follows : 

Ee-e 

^^^r::+r:' ^'^^ 

in which all of the terms are the same as before and R^ is the 
resistance of the series field. 

As in the case of the shunt motor, for the series motor to 
increase its armature ciirrent, there must be a decrease in the 
C.E.M.F. In the shunt motor, where, except for armature reaction 
the field flux was constant, this was brought about by a slight 
decrease in speed. In the series motor we have a variable flux, 
for evidenfly, if the armature current increases, there will be 
an increase in flux. 

It has been shown that for any motor «=X<^JV, and that the 

armature current can only increase as a result of a decrease 

in e. The increase in armature current at the same time 

brings about an increase in ^, so that if the C.E.M.F. is to fall, 

there must be a large decrease in speed. In the shimt motor 

the flux is constant and as load increases the speed falls only enough 

to cause a decrease me. In the series motor, in addition to this, the 

speed must fall enough to counteract the large increase in flux. 

It would appear then from the equation e=^K<f>N that inasmuch 

as e only changes a small amoimt, that the speed load curve of 

a series motor is nearly an equilateral hyperbola. This is not 

quite the case, due to the fact that the iron of the field becomes 

saturated. When the point is reached where an increase in 
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armature current causes only a small increase in flux, then the 
speed does not fall as much as before. The speed load curve 
of a series motor is shown in Fig. 28. It is evident from the 
curve that the speed changes very materially in going from 
no load to full load. A very dangerous condition is, however, 
reached when there is no load upon the motor, for xmder these 
conditions the machine takes very little current from the line 



I 



Amperes 
Fig. 28 



and hence must have a high value of C.E.M.F. This is accom- 
panied by a weak field and hence a dangerously high speed. 
For this reason a series motor is always direct connected 
to its load either by a coupling or through gears or chains, imless 
a speed limit device is attached. In the latter case, if the motor 
speed rises above a certain point it is automatically disconnected 
from the line. 

The torque of any motor may be expressed by the formula 
T=K<l>Ia and in appl)dng this to the shimt motor we have seen 
that inasmuch as ^ was nearly constant, that T varied almost 
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directly with la* In the series motor <f> is, however, not constant, 
but varies with la. Starting with light load upon the motor 
we have with an increase of /« an almost equal increase of ^. 
The machine imder these conditions is operating upon the straight 
portion of the magnetization curve, so that the torque varies 



SpeeitLoad, Shunt Mat^n 




H,P. Output 
Fig. 29 

as I^\ at the same time the motor is operating at a high speed. 
As the armature current increases and the saturated portion 
of the magnetization curve is reached, the increase in flux is no 
longer proportional to the current increase, so that finally the 
torque increases directly as the armature current. 

The fact that the series motor exerts its maximum torque 
at stand-still, constitutes one of its greatest advantages. In 
Fig. 29 are shown the speed output and torque output curves 
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for a shunt and a series motor of the same full load rating. The 
speeds of both motors are the same at light loads, but at full 
load the speed of the series motor is very much less than that 
of the shunt machine. 

Now since horse-power output is proportional to the product 
of torque and speed, i.e., H.P, output =XrJV, it follows that 
in the series motor, due to its lower speed, the torque will be 
much greater at full load than that of the shtmt motor. To 
exert the same torque a much larger shunt motor would be 
necessary. 

The series motor is thus particularly valuable for work where 




Fig. 30 

a load is to be frequently started and a great starting torque is 
desired, as in traction service, hoists, cranes, etc. When the 
required torque is large the motor operates at a low speed, but 
where a light torque is necessary it operates at a high speed. 

If the impressed voltage of the motor is decreased, the motor 
speed will fall and it will be foimd that the speed varies almost 
directly with the impressed voltage. 

The resistances of the armature and series field are always 
made low for reasons of efficiency. The question of regulation 
is of no importance as the series motor has of itself a widely vary- 
ing speed characteristic. 

(i) Determine the resistance of the armature and series field, 
taking readings up to 150 per cent full load armature current. 

(2) Connect the motor as in Fig. 30, choosing an ammeter and 
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a variable resistance with a capacity of about double the rated 
current of the motor. Start the motor and reduce the voltage 
across the armature to one-half of its rated value. Then start- 
ing with a very small load (no load if possible) take a reading 
of current and speed; then gradually increase the load by means 
of a brake, keeping the voltage constant at half rated value. 
Take eight readings up to 50 per cent overload current. K a 
constant potential line of one-half the rated motor voltage is 
available, it serves the purpose better than the use of a variable 
resistance. Record readings as in Table IX. 

TABLE IX 



E.M.P. 
across 
Motor. 


Current. 


speed. 


Vy.iS.Ad.P. 



















(3) Impressing full voltage upon the motor, adjust the load 
imtil the motor takes about § of its rated current. Read speed and 
voltage. Then decrease the voltage across the armature by about 
10 per cent and adjust the current to the same value as before by 
means of the brake and take a set of readings. Continue to 
decrease the armature voltage, keeping the armature current con- 
stant until 6 or 8 readings have been taken. 

(4) With rated voltage impressed upon the motor make a 
complete brake test up to 50 per cent overload current. If the 
motor is equipped with a speed limit device, allow the motor to 
run free and determine the speed, current, and voltage, just at the 
instant the speed limit device disconnects the motor from the 
line. If no speed limit device is provided, adjust the brake until 
the motor operates at 250 per cent of its rated fuU load speed. 
Do not permit it to rotate faster than this valiie. 

Record readings in a form similar to Table VI. 

Curves, — Plot a curve between current and the sum of the 
series field and armature resistances. Upon a second sheet, plot a 
curve between speed as ordinate and armature current from the 
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results of nm 2, and a curve between speed and impressed voltage 
from the results of run 3. Upon the same sheet, from the readings 
of run 4, plot a speed-current curve, a torque-current and an 
efficiency-current curve, the current being plotted as absicssa 
in each case. 

Conclusions. Explain why the speed of a series motor varies 
more widely than that of a shimt motor and why a series motor of 
the same horse-power rating as a shunt motor, exerts a greater full 
load torque. Why is the series motor better adapted to frequent 
starting of heavy loads than the shunt motor ? Why is the torque 
curve concave upward at the lower end and straight at its upper 
end? What is the eflFect of lowering the terminal voltage of a 
series motor? Why should a series motor never be belt connected 
to its load ? 



EXPERIMENT IX 

Current-Torque Curves of Different Types of Motors. This 
experiment is intended to show the value of the torque exerted 
by different tjrpes of motors with various values of armature and 
field currents, for purposes of comparison. 

We have seen that when current flows through the armature 
windings of a motor whose fields are excited, there is a torque 
exerted, which tends to rotate the armature. The value of the 
torque depends upon the strength of the field and upon the value 
of the armature current, i.e., T^K^I. 

In the case of the shunt motor we have a constant field current 
and if the flux remains constant we would expect that the torque 
would vary directly as the armature current and that a curve 
expressing their relation, would be a straight line. In this case 
the torque per ampere (i.e., the value of torque divided by the 
current) would be constant. This is, however, not quite the case, 
inasmuch as armature reaction distorts and reduces the flux so 
that the torque per ampere decreases with the higher values of 
armature current. For the same armature current and a var3dng 
field current, we do not get a straight line relation unless we are 
operating upon the straight portion of the magnetization curve. 
As the saturated portion of the curve is reached the torque does 
not increase as rapidly for a given increase of field current. 

If to the shunt motor, a series winding is added and so con- 
nected that its M.M.F. is added to that of the shunt field, we get 
a cumulative compound motor. The shunt field ciurent in this 
case again remains constant and the series field current increases, 
being the same as the armature current. The result is an 
increasing flux as the armature current increases, so that the 
torque per ampere is greater than when only a shunt winding is 
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used. If the machine is very much compoimded, that is, if the 
series turns furnish a large percentage of the M.M.F. at full 
load, the curve between torque and current will be slightly con- 
cave upward. 

In the case of the series motor, we of course have the same 
current flowing through both field and armature. When oper- 
ating upon the straight portion of the magnetization curve, the 
flux is proportional to the current, so that the torque varies as 
the current squared : 

Under these conditions the curve between torque and current 
is concave upward. As the field approaches saturation the 
curve gradually straightens out until at the end it becomes straight. 

We are now in a position to compare the behavior of the 
shunt and series motor. Let us assume that we have a shunt 
and a series motor, each of about 5 horse-power. Let us further 
assiune that the shunt motor has a full load speed of about 1200 
R. P. M. and that the series motor has the same speed at its 
lightest permissible load ; the full load speed of the latter would 
then be about 500 or 600 R. P. M. The light load speeds of 
the two motors would thus be the same which fact is shown in 
Fig. 29. Since output is proportional to the product of speed 
and torque, the torque exerted by both motors is about the same 
at light load. At full load, however, the series motor must exert 
double the torque of the shunt motor, as its speed is about 
half that of the latter. It follows that the pole pieces and arma- 
ture of the series motor must be larger than those of the shunt 
motor to provide and accommodate the extra flux, so that the 
series motor is generally larger than the equivalent shunt motor. 

This again brings out the great advantage of the series motor, 
namely, that it can exert a much greater torque at higher loads 
than the shtmt motor for the same value of armature current. 

The compound motor, as we have seen, increases its torque 
Bomewhat with load, with a greater decrease in speed than the 
shunt motor, but not as much as in the case of the series motor. 
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It is very valuable for running certain types of machine tools, as 
punch presses, power shears, etc., which are always provided with 
a heavy flywheel, the energy necessary for the actual operation 
of the tool, that is, say, shearing metal, etc., coming from the energy 
stored in the flywheel. The motor slowing up, immediately 
develops a strong torque and accelerates the flywheel. It is 
evident that the compound motor is able to accelerate the fly- 
wheel and bring it up to speed in a shorter interval of time than the 
shunt motor. There is also the great advantage that a relatively 
small motor is necessary to operate such machines provided with a 
heavy flywheel, since the time the machine is doing work is only 
a small per cent of the time it is running. In the time when the 
machine is running free the motor is able to store energy in the 
flywheel. 

In order to determine the torque exerted by a motor when stand- 
ing still, some form of Prony brake is clamped fast upon its pulley, 
as is shown in Fig. 20. When current flows through the armature 
and fields, let us suppose that the torque is so exerted as to tend 
to revolve the armature in a clockwise direction. If the brake 
arm be slowly moved upward against the torque of the motor, 
we are then, first, lifting the brake; second, overcoming the fric- 
tion of the bearings; and third, overcoming the torque of the motor. 
This can be written as an equation as follows: 

where Wup=the reading upon the spring balance when the 

brake moves the pulley against the torque of the 
armature; 

r= torque exerted by armature; 

w = torque due to weight of brake; 

/ = torque due to bearing friction. 

Where the brake is allowed to descend, the motor torque and 
the weight of the brake overcome the friction so that 
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adding the two equations we have 



T+w= 



^ up I ^ down 



which eliminates friction. To determine w, the weight of the 
brake, open the current in both armature and field and slowly 
raise and lower the brake, taking readings on the spring balance. 
The average of these two readings gives the pull due to gravity 
of the brake arm itself, which we have called w. 

The compound motor to be used should be connected as in 
Fig. 3i> ^^ shunt field being separately excited and the series 



wmmN^ 







Fig. 31 

winding open. The machine is thus in reality a shunt motor. 
By means of the variable resistance, set the value of shunt field 
current a trifle lower than one-half its rated value and then vary 
the armature current from zero up to 150 per cent full load 
value in about 8 steps, by varying the nimiber of lamps burning 
in the lamp board, taking torque and ciurent readings as previ- 
ously noted. Keep the shunt field current constant throughout. 
Then raise the shunt field current to a value double that used in 
the first run and proceed as before. For a third nm connect the 
series field in series with the armature as in Fig. 32, making 
the machine a cumulative compound motor. Vary the current 
through series field and armature as before with the shunt field 
ciurent as in second run. Take the same readings, as before. 
To determine the curves for the series motor it is preferable 
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to use a machine of the same voltage and H.F. output as the com- 
pound motor already tested, in order that proper comparisons 
can be made. Pass the same current through both armature 
and field as shown in Fig, 33. 




J 



Fig. 3j 



Curves. — For each run plot a curve between torque and arma- 
ture current (abscissa) and torque per ampere and annature 
current. Plot the curves for all four runs up<m the same sheet 
of cross-section paper. 
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Fro. 33 

Conclusions. Why are the current-torque curves for the 
shunt motor straight lines ? Why is it concave upward at the start 
for the series motor? Why does torque per ampere decrease in 
the shunt motor and not on the compound and series motors P 
From the data obtained compare the action of the three types of 
motors. 



EXPERIMENT X 

Parallel Operation of Shunt Generators. In many lighting 
and power systems the load which the station is required to carry 
is much greater than the capacity of the largest direct current 
generator which is manufactured. It therefore becomes neces- 
sary to operate several generators on the same feeder system to 
supply the load. Even when the load could be carried by one 
large unit, it is many times preferable to install two or more 
smaller imits to carry the load, because of the increased security 
against possible accident. If the load is all carried by one machine 
and even a minor accident happens to this machine, the station 
is obliged to shut down for repairs. If two or more machines 
are used to supply load, one of them may be shut down for 
repairs and the others, overloaded perhaps for a short time, will 
satisfactorily supply the station load. Besides, it is more ej05cient 
to operate a small machine at full load than a larger one at light 
load. 

There are two possible schemes for connecting D.C. machines 
together so that they supply power to a common bus, in series or 
in parallel. 

If they are connected in series, the voltage of the line depends 
upon how many machines are operating; while this tjrpe of ser- 
vice has been used for very special purposes, it is not feasible to 
use such a system for the ordinary purposes of furnishing current 
for light and motors. For such purposes a constant potential 
system is required and obviously a niunber of D.C. machines 
operating in series, their number depending upon the load, could 
not satisfy this requirement. Also the possible current output 
of such a series system is the rating of the smallest machine 
used. 
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If, however, several machines, each of the voltage required by 
the s)rstem, are operated in parallel in the same system, the latter 
will be essentially a constant potential one and the possible cur- 
rent output of the station depends only upon how many machines 
are connected to the system. The current capacity of the station 
is equal to the combined capacity of all the machines connected 
to the buses. 

Although shunt wound generators are not used very much for 
station work, compound wound generators serving the purpose 
so much better, it is necessary to examine the parallel opera- 
tion of shunt generators, so that the more difficult case of compoimd 
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generators may be understood. (The operation of compound 
generators in parallel will be considered in the next experiment.) 

The analysis of the question may be most easily made by sup- 
posing first that one machine (say No. i) is already connected to a 
load, and that whatever manipulation is carried out with the second 
machine (No. 2), the bus-bar voltage will be assumed constant. 
This latter will not generally be the case, but makes the first 
analysis simpler. 

Consider the machines connected as in Fig. 34. Generator 
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F No. I is supplying load and it is desired to connect machine 

r No. 2 to the bus bars and divide the load between them. 



Let £= voltage between bus bars; 
Ey= generated voltge of No, 2; 
Ra=annature resistance of No. 2; 
/2= armature current of No. 2. 

Now if the voltage Eg is exactly equal and opposite to E, it 
is evident that when P2 and N2 are closed no current will flow 
through the armature circuit of No. 2. 

We have shown previously that 





*- : ^ 



which is also written 

^E^E^+hRa. (17) 

If when the switches P2 and N2 are closed, Eg= £, it is quite 
evident from the above equation, that no current will flow through 
the armatiure of machine No. 2. But if Eg is not equal to E then 
current will flow upon closing the switches, the magnitude of the 
current being determined by the difference in Eg and £, and the 
direction of the current depending upon whether Eg is greater or 
less than E. If Eg is greater than £, current will flow in the same 
direction as Eg tends to make it flow; i.e., the machine acts as a 
generator. If Eg is less than E then the line E.M.F. forces cur- 
rent to flow through the armature of No. 2 against its generated 
E.M.F. and No. 2 acts as a shunt motor, drawing power from the 
line instead of furnishing power to it. 

If switches N2 and P2 are closed when Eg is not nearly equal 
and opposite to E, then an excessive current will necessarily flow 
so that the equation may be satisfied. This rush of current dis- 
turbs the line voltage, may blow fuses and circuit breakers and 
even injure the machine. It is always advisable, therefore, to 
have Eg as nearly equal to E as possible. 

It has been mentioned that Eg must be opposite to E; this 
is sometimes expressed by saying that the n:iachines must be con- 
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nected in the proper polarity. That this is a very necessary con- 
dition is ahnost self-evident. 

Suppose that Eg were not opposite to E. As soon as switches 
Pa and N2 are closed, both E and Eg would tend to force current 
in the same direction, through the circuit composed of the two 
armatures and the bus-bars. As the resistance of this circuit is 
extremely low, the conditions would be one similar to a dead short 
circuit on each machine. To test for polarity N2 may be closed 
and a voltmeter of range at least twice the voltage of the machines, 
connected across switch P2. If machine No, 2 is connected with 
proper polarity, the voltmeter reading will heE—Eg; if improperly 
connected, the voltmeter will read E+Eg. 

Another way of testing for polarity is to connect a voltmeter 
(one of range equal to machine voltage only is necessary) to the 
points aa^ and then transfer the voltmeter leads, without inier- 
changing them to the points W. If the voltmeter deflects the same 
way in both cases the polarity is correct; if not, the connections 
of machine No. 2 to the bus-bar switches must be reversed or else 
the generator must be forced to build up in the opposite direction. 

The question of division of load between the two machines is 
now to be analyzed. When the bus-bars voltage is supposed con- 
stant and the load current is taken as constant, it is a very simple 
matter to see from Eq. (17) that the current, I2, depends directly 
upon the value of Eg. If Eg is increased while E remains constant 
I2 must increase. The output of machine No. 2 depends directly 
upon the value of its generated voltage. 

If machine No. 2 has been brought up to rated speed, its 
voltage adjusted to be equal to the line voltage and the polarity test 
satisfied, N2 and P2 may be closed and no current will flow through 
its armature. If now its generated voltage is increased, by 
decreasing the resistance of the shunt field circuit, it will begin 
to deliver current to the line, the amoimt depending upon how 
much Eg is increased. The division of load between two shunt 
generators is thus always at the command of the operator; by 
proper field adjustment the load may be shifted from one machine 
to the other at will. 



PARALLEL OPERATION OF SHUNT GENERATORS 



75 



If the load is once equally divided, the questicm arises whether 
the division will remain equal as the load varies. This is an impor- 
tant point to investigate, as it is very desirable that after the ma- 
chines are once adjusted for proper load division, the division 
should not change as the load fluctuates. If the load is once 
properly divided (proportionate to the relative capacities of the 
machines) the division will only be automatically maintained if 
the external characteristics of the two machines are coincident 
throughout the range of operation. 











Current 

Fig. 35 



Suppose the load to be zero and the voltages of the two machines 
adjusted to be equal. The supposed external characteristics 
of the machines are given in Fig. 35. Now as the machines are 
connected to a conmion bus, their terminal voltages must always be 
eqtuU. But it is seen that if the two machines are to have the same 
voltage with a certain load (/1+/2) that machine No. i must be 
furnishing current /i and machine No. 2 current 1 2. So that from 
this figure it is seen that as the load varies, (field rheostats left 
in fixed position) the division of load will change, the amoimt 
of change depending upon how far the external characteristics 
separate. 
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If the bus-bar voltage is allowed to vary as the load changes the 
division of load between the two machines will change in exactly the 
same manner as shown in the previous analysis, but the effects noted 
will not take place to the same degree. In Eq. (17) E will generally 
decrease as load is increased and this will tend to make machine 
No. 2 take more load for a given Eg than if E remained constant. 

Connect the shunt generators to be operated in parallel as in 
Fig. 34. Attach one of the machines to the bus-bars and load it 
with lamps. Then bring the second machine up to speed, build up 
its voltage to that of the bars, and having made certain that the 
terminals of the machine will be properly connected as regards 
polarity, close the line switches. Strengthen the field of the incom- 
ing machine until it takes half of the load and then weaken the 
field of the first machine tmtil it is supplying no current. Then 
further weaken the field of the first machine until it operates as a 
motor. This fact will be indicated by the armature ammeter 
reversing. Note that the shunt field current continues to flow in 
the same direction. Then bring the current in the first machine 
to zero and disconnect it from the bars. Continue this procedure 
until suflScient practice has been had, in putting machines on and 
off the bars and in throwing the load back and forth. 

(a). Bring both generators in parallel upon the bars at rated 
voltage with no armature current in either machine. Then add 
load in equal steps up to the full load value of each machine, keep- 
ing it equally divided between the two machines, voltage constant 
at rated value and speeds constant. Read all meters, recording 
readings in a log as in table X. 

(6). Starting as before with rated voltage and no load upon either 
machine, add load to the system but allow the total current to 
divide between the machines as it will. Permit the voltage to 
vary, but keep speeds constant at rated value. 

Curves. Upon one sheet of cross-section paper plot three 
curves (one for run a and two for run J), between terminal E.M.F.'s 
(ordinate) and individual external currents. Also plot four 
curves (two for each nm) between shunt field currents (ordinates) 
and individual external currents. 
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Conclusions. What precautions must be taken in connecting 
shunt generators for parallel operation? Why, if left without 
adjustment, do the machines not divide the load in proportion 
to their rated outputs? Why is the parallel operation of shunt 
generators rather impractical from a commercial standpoint ? 



EXPERIMENT XI 

Parallel Operation of Compound Generators. The parallel 
operation of compound generators is in many respects similar to 
the operation of shunt generators; there are, however, a few added 
precautions to be noted before they may be connected to the same 
bus-bars. 

In Fig. 36 are shown the connections of two compound gen- 
erators intended for parallel operaticm. Let us again consider 

— Bus Bar 




+ Bub Da: 



Tia. 36 



No. I machine as connected to a load and that whatever manipula- 
tion is carried out with generator No. 2, the bus-bar voltage will 
again be considered constant. Let us also for the time being, 
suppose that the connection ci 62 is not present. It is now desired 
to"connect machine No. 2 to the same bus-bars, in order to have it 
share the load. The same precautions as to polarity and voltage 
must also apply in this case as in the operation of shunt generators 
and accordingly let us bring up the voltage of generator No. 2 
to the same value as that of the bus-bars and close the switches 
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N2 and P2. The generator may then be made to assume load as 
before by strengthening its field. 

The machines are, however, now operating under a condition 
of unstable equilibrium. Let us suppose that the speed of 
No. I machine were momentarily raised and its generated voltage 
thereby raised for an instant. This would immediately mean that 
it would take a slightly greater load, depriving No. 2 of some. 
The additional current flowing through the series field of the first 
machine would cause its generated voltage to rise still higher 
while that of No. 2 would be decreased. This action is li ely 
to continue until No. i is supplying all of the load and No. 2 



— Bus Bar 




-h Bus Bap 
Fig. 37 




— Bus Bar 




•^ Bus Bar 
Fig. 38 



none of it, and it is also likely that the generated voltage of No. 2 
would drop below the voltage of the buses so that the latter would 
take current from the bus-bars and operate as a motor. This 
follows as before if we consider the equation E^E^—IR. 

We have seen that in the case of shunt generators in parallel, 
no danger would result if one machine operated as a motor. In 
the case of compound generators this action, with the conditions 
as assumed, is really dangerous. In Fig. 37 are shown two com- 
poimd generators operating in parallel, both acting as generators. 
The current through the armature and series field flows from the 
negative to the positive bus as indicated by the long arrows, while 
the shunt field currents flow from the positive to the negative 
terminals of the machine as indicated by the short arrows. As 
the machines are compound wound generators, the M.M.F.'s of 
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the shunt and series fields are added and the arrows point 
in the same direction to indicate this fact. When No. 2 machine 
operates as a motor (Fig. 38), the current in its armature and 
series field reverses flowing from the positive to the negative bus. 
The ciurent through its shunt field, however, does not reverse 
but flows as before, so that the M.M..F.'s of the two fields are 
opposed, which results in the net flux of the machine being 
reduced. 

This in turn results in two things. First, a machine whose 
field is weakened tends to increase its speed; this is somewhat 
diflScult in this case, since the machine then tends to drive its prime 
mover, and it is generally unable to accelerate it very much. The 
second result of the weakened field, is an actual decrease in gene- 
rated E.M.F. or what it really is, since the machine is operating as 
a motor, a decreasedC.E.M.F. This is due to the fact that the 
machine cannot raise its speed fast enough, and, besides, the action 
is cumulative. For if the C.E.M.F. is slighfly decreased, more 
current flows through the series field and armatiure, which makes the 
series field stronger and the net flux weaker. Thus the more 
current the machine takes the more its field is weakened and so 
on. This goes on so rapidly that the speed has no chance to catch 
up and keep the C.E.M.F. up to the required value, the net 
result being that No. 2 forms a short circuit for No. i, blowing 
fuses and circuit breakers and distiurbing the system. Often the 
inrush current into No. 2 will be so great as to cause the series 
field to become so strong that it overpowers the shunt field and 
actually reverses the polarity of the residual magnetism of the 
machine. 

To prevent this action and make the parallel operation of 
compound generators stable, a connection 6162, termed the 
" equalizing " bus-bar, is employed, and it will be noticed that it 
joins the machines between their armatiures and series fields. 
This connection prevents the reversal of the current through the 
series field of the machine operating as a motor, which is readily 
seen if we suppose switches Ei and £2 closed and machine No* 2 
operating as a motor. Its armatiure current then flows from the 



82 TESTING OF ELECTRICAL MACHINERY 

positive bus, but when it arrives at the point x it has a choice of 
either passing on through the series field of No. 2 along the negative 
bus and through the series field of No. i, or flowing directiy 
along the equalizer connection. As this latter is always of very 
low resistance, the current will take this path. Machine No. 2 
is thus in reality operating as a shunt motor, which we have seen 
is not accompanied by any dangerous conditions. 

As the equalizer is of very low resistance, the IR drop of the 
two series fields must under all conditions be equal. If the load 
of No. I increases, the IR drop of series field No. i tends to increase, 
but this can only increase if a corresponding increase in the drop 
of series field No. 2 takes place and this means more current 
through the series field of No. 2. If, therefore. No. i tends to 
increase its load and so raise its voltage. No. 2 will also raise its 
voltage due to the action of the increased current through its 
series field, which flows through the equalizer connection from No. 
I. The division of the load between the two machines thus tends 
to remain more or less constant. It f oUows from the above that the 
resistances of the two series fields must be inversely proportional 
to the full load current outputs of the two machines, for if this is 
not so, the series field currents would not be of their proper values 
when the armature currents are correct. It is also necessary 
that the two machines have the same characteristics, that is, each 
must have the same degree of compoimding when running 
separately. If they diflfer in this respect, the machines will not 
share the load equally. 

The sequence of closing switches when putting machines 
upon the bus-bars is also very important. Again consider machine 
No. I supplying current to a load. When it becomes necessary 
to parallel No. 2, we might first bring it up to the bus voltage by 
shunt field regulation and then close £2 and N2. Current would 
then flow through the series field of No. 2, and raise its generated 
voltage somewhat above that of the bus-bars. This would require 
further shunt field regulation, so that it is better to first close switches 
N2 and E2 and then when the machine has been brought up to 
the bus-bar voltage by shimt field regulation, Pa can be closed. 
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Switch P2 must never be closed unless the machine is up to voltage 
and must always be the last one thrown in. 

Load is then put upon the machine by strengthening its shunt 
field. To remove No. 2 machine from the bus-bars, first reduce 
its armature current to zero by means of shunt field regulation 
and then open switch P2 and then N2 and -E2. Always open P2 
first. The prime mover of No. 2 can then be stopped and the 
machine shut down. 

Operate the machines with the equalizer in, as was done in 
Ex. 10, bringing a machine upon the bus-bars, transferring the 
load from one machine to another and removing one machine. 
Also cause one machine to operate as a motor and note results. 

Make two tests, taking about twelve readings in each run, 
including a no-load setting, and recording readings in a log as in 
Table XI. 

(a) Start with the machines in parallel, but with no load upon 
either and gradually increase the load up to rated value, keeping 
system E.M.F., and speed constant at rated value and current 
equally divided between the two machines. 

(b) Start as before and add load and keep only speeds con- 
stant. Allow terminal E.M.F. to vary and the load to divide as 
it will. 

Curves. Plot three curves (one for run a and two for run b) 
between system E.M.F. (ordinates) and individual external 
currents. Upon the same sheet of cross-section plot four curves 
(two for each run) between shimt field currents and individual 
external current. 

Conclusions. Explain what is liable to happen if compound 
generators are operated without an equalizer coimection. What 
are the functions of the equalizer connection and how does it carry 
them out? What is the proper sequence of closing switches and 
why is this sequence absolutely necessary ? Is the parallel opera- 
tion of compound generators entirely satisfactory? 
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EXPERIMENT I 

Wave Shape, Effective Valties, Power and Power Factor. 

An alternating current is one which periodically changes its 
direction of flow. The frequency (number of cycles or periods 
per second) depends upon the class of service for which the 
alternating ciurent power is to be used. In alternating current 
railway motors a frequency of 15 or 25 is employed; for illumi- 
nation, arc and incandescent lamps, a frequency of 60 is stand- 
ard; telephone currents are made up of many superimposed 
frequencies, ranging from perhaps 100 to 1500; for wireless 
telegraphy and telephony the frequency may be between 20,000 
and several himdred thousand; two small metallic spheres 
charged with electricity of opposite kinds will, if brought close 
enough together, exchange and neutralize charges; the discharge 
current is oscillatory in character and may be of a frequency of 
several billions of cycles per second. 

Grenerally an alternating ciurent is sinusoidal in form. 

If i= instantaneous value of current; 

7njax=niaximum value of current; 

^=2;rXfrequency of current; 
we have 

* = ^max COS ft. 

An alternating current generator is generally designed so 
that its wave form may be expressed by the formula 

^ = £max cos pt, 
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Whether or not a generator gives such a wave form depends 
upon the shape of the air gap between armature and pole face 
and also upon the distribution of armature winding. 

Whenever a sine wave of E.M.F. is applied to a circuit, the 
current which is caused to flow is also a sine wave (neglecting 
distorting effects of hysteresis, dielectric loss in condensers, 
etc.). If the circuit is non-inductive the E.M.F. and current 
waves are in phase^ i.e., the maximum and minimum values of 
the two waves occur simultaneously. If, however, the circuit 
offers inductance or capacity reaction, or both, the current may 
either lag or lead the E.M.F. in phase, depending upon which 
reaction predominates. These reactions are more fully analyzed 
in the discussion of Ex. 2. 

The question arises how much power is used in a circuit 
in which an alternating current is flowing? The reactions 
which are offered to the flow of the current are of two general 
t3rpes, conservative or non-dissipative, and non-conservative 
or dissipative. 

The product of the current into the dissipative reaction gives 
the rate at which power is being used in the circuit; the con- 
servative reaction causes no energy loss. 

If a weight suspended from a spiral spring is forced to vibrate 
with constant amplitude, the only force required will be that 
necessary to overcome the frictional resistance of the moving 
system. The other reactions in the system as shown to exist 
by the stretching of the spring (to a much greater degree than 
the impressed force could directly bring about) are the conservative 
reactions of the system; they are the forces represented by the 
stretching of the spring and the change in momentum of the 
moving weight. The power which is expended in maintaining 
constant amplitude of oscillation of the weight is equal to the 
product of the velocity of the weight into the frictional resistance 
of the system. 

The rate at which energy is dissipated from an electrical 
circuit is equal, in the same way, to the product of the current 
into the total dissipative reaction in the system. 
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If i= instantaneous value of current, 
i?= effective resistance (see Ex. 2) of circuit, then the dissi- 
pative reaction at any instant =fi2, and the rate at 
which energy is being used is equal to iXiR^'i^R. 

As this rate varies throughout the cycle it is necessary to get 
the average rate at which the power is used. 

I r- 

Average power =~ I i^Rdt. 

Now if i= /max cos />/, 

* max-**- I o uA Jx vaax, r> 

average power == I cos^ pt at = R, 

Now if a direct current is passed through the same resistance 
the rate at which energy is dissipated is given by the formula: 

Power =/2ie. 

If the alternating current is varied in amplitude until it is 
supplying the same amoimt of power as is the direct current, 
we have 



max 
2 

or 

J -^max 

and this is called the effective value of the alternating current. 
It equals 0.707 of the maximum value. By the same line of reason- 
ing the effective value of voltage of a sinusoidal alternating E.M.F. 
is equal to 0.707 the maximum value. A.C. ammeters and volt- 
meters are always calibrated to read effective values. 

It is to be noticed that if the wave of current or E.M.F. is 
not sinusoidal, the previous integration is not so simple, but 
involves a number of terms of a Fourier series. The effective 
value of such wave is not equal to 0.707 the maximum value, but 
varies with the wave shape. For this reason all standard tests 
on alternating current apparatus must be carried out with sin- 
usoidal wave forms; otherwise inacciuucies are likely to occur. 
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It has been mentioned that if conservative reactions occur 
in a circuit the current and voltage will not generally be in the 
same phase. The dissipative reaction is equal to that com- 
ponent of the impressed force which is in phase with the current. 

If ^» angular difference in phase of current and 

impressed E.M.F.; 

Eaax. cos ^» maximum value of dissipative reaction; 
7= — ^= effective value of dissipative reaction. 

V2 

If /=« effective value of current; 

Power supplied = -= — — 

V2; 

= /£cos0; 
where 

£=:—^= effective value of impressed E.M.F. 

V2 

It is therefore evident that the product of E and / as obtained 
from A.C. meters does not generally represent the power used in 
a circuit. It is necessary to know cos <f> to obtain true watts. 
The product EI is sometimes called " apparent watts " in dis- 
tinction to EI cos 0, the true power of the circuit in watts. 

If we have some method of actually plotting the waves of 
current and E.M.F. in a circuit, in proper magnitude and phase, 
the power, EI cos ^, could be immediately obtained. E and / 
are calculated by multipl)dng the maximum values of the respect- 
ive waves by 0.707 ; (f> is measured as the angular distance between 
two corresponding points, say the zero points, of the two waves, 
remembering that a complete cycle represents 360^. 

Grenerally it would be inconvenient and slow to use such a 
method, so a wattmeter is used. This instnunent is connected 
as though an ammeter and voltmeter were in the same case; the 
two coils are so placed in relation to one another and the scale is so 
calibrated that the reading of the instrument is actually equal to 
EI cos 0. The current coil of the instrument is placed in series 
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with the circuit the power of which it is desired to measure, and 
the potential coil is connected in parallel with the circuit. Unlike 
the A.C. ammeter and voltmeter, which cannot be so connected 
to an A.C. circuit that the needle is deflected backward, the watt- 
meter may deflect backward with a wrong connection. The 
connection of either the current or potential coil must be reversed 
in such case. 

It is the object of this experiment to plot curves of E.M.F. 
and current in an inductive circuit, in their proper phase and 
magnitude, and to measure with A.C. meters the E.M.F., current, 
and power of the circuit in order to verify the previously stated 
fctcts regarding effective values, power, cos 0, etc. 




Fig. I 



The method to be employed is conmionly called that of 
" instantaneous contact." It may be easily explained by refer- 
ence to a direct current circuit. In Fig. i are shown two cells 
and a telephone receiver (any other sensitive current indicator 
would work as well as a telephone receiver). When switch S 
is closed no current will flow provided that the two E.M.F.'s 
in the circuit are opposite and just equal. If, however, the two 
E.M.F.'s are not equal and opposed, current will flow every 
time the switch is closed. If the switch is closed and opened at 
regular, short, intervals of time a more or less musical note will 
be heard in the telephone receiver. Suppose now this principle 
is applied to an alternator as shown in Fig. 2. On the same 
shaft with the alternator armature C, is moimted a disc of some 
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insulating material. A metal strip H, inserted in the disc, 
reaches to the periphery and is connected at its inner end to a 
small conducting dnmi and so to brush F. A brush E rests 
on the periphery of the disc and is insulated from the alternator 
frame. It will be noticed that this combination of brushes, 
metal strip, and insulating disc is nothing but a rotating switch, 
the two brushes F and E being connected together once for each 
revolution of the armatiu-e; moreover, whenever this contact is 
made, the armature occupies the same position in the field. 
Now the E.M.F. wave generated by the revolving armature has 
the same value every time the armature occupies the same posi- 




Fig. 2 



tion in its field; in other words, every time the brushes F and E 
are connected together the instantaneous value of the E.M.F. 
is the same. 

A variable resistance Ay connected to a supply of constant volt- 
age, serves as a soiu-ce of variable potential difference; by the sliding 
contact J5, the P.D. between G and B may be made anything 
desired. The local circuit, BAGEFC, is exactly similar in its 
make up to that of Fig. i, except that the two E.M.F.'s are 
varying. The rotating switch closes the local circuit at the same 
point on successive E.M.F. waves of the alternator, shown at 
a, a', a", in Fig. 3. If the slide B is moved on the potentiometer 
Ay until the P.D. between G and B is just equal to the voltage 
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a, then when the rotating switch closes, no current will flow through 
the telephone receiver and hence no sound will be heard. A 
D.C. voltmeter, connected to B and G, will then give the value 
of the D.C. voltage necessary to balance the instantaneous value 




Fig. 3 



of the A.C. voltage; i.e., it will give the instantaneous value of 
the A.C. voltage. If now the brush E is moved around on the 
periphery the local circuit will be closed when the A.C. voltage 
is perhaps bV V (Fig. 3). The sliding contact B (Fig. 2) must 
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then be moved to reduce the telephone scnmd again to zero, when 
the D.C. voltmeter will give the value of this voltage b (Fig. 3). 
So by moving B (Fig. 2) through 360 electrical degrees, taking 
readings at every few degrees (say 15*^) the entire wave of E.M.F. 
may be plotted, point by point. The actual connections to be 
made for this test are shown in Fig. 4. The plug switch makes 
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it possible to connect the telephone circuit to any one of the three 
E.M.F. waves to be measured. 

An inductive coil A and resistance C are connected in series 
and through the current coil of wattmeter W, through ammeter 
A to the A.C. generator. Taps are taken ofiF the circuit and 
connected to receptacles so that the jack can connect the telephone 
circuit either to the terminals of il, C, or the entire circuit. For 
each setting of the brush B, a balance is to be obtained with the 
jack connected to each of the receptacles, the brush is to be moved 
in steps of about 15° (electrical) imtil the three waves are obtained 
for a complete cycle. 




Fig. 5 



The wave obtained from receptacle No. i gives the phase 
of the current, as the current and E.M.F. are in phase on a non- 
inductive circuit. The wave from receptacle No. 3 gives the 
impressed voltage, and so is the same as the terminal voltage of 
the alternator and shows how nearly the alternator generates a 
sine E.M.F. 

The inductance used should have an air core, otherwise the 
current will be distorted and the value of ^ obtained from the 
curve sheet will be diflScult to interpret. After the circuit has 
been properly adjusted to give readable deflections on the meters 
used, take a reading of volts, amperes and watts for each part of 
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flie circuit, and for the whole circuit. To get watts in any part 
of the circuit, connect the potential leads across that part of the 
circuit. Then maintain the impressed voltage and frequency 
constant and determine the three curves of voltage. 

The impressed voltage must not be greater than about 65 
per cent of the D.C. voltage used on the potentiometer resistance. 

The curves obtained should look about as those given in Fig. 
5. C is the drop across the resistance, hence gives the phase 
and form of the current; B is the drop across the inductance, 
and E is the impressed E.M.F. The angle of lag for the entire 
circuit is equal to 5, measured in degrees; the phase displacement 
of current and E.M.F. in the inductance coil is given by a. 

Check the values of cos <f> so obtained with the values com- 
puted from readings of wattmeter, ammeter and voltmeter. 
With the same base and maximum value as curve £, construct 
a sine curve to see how closely the generated E.M.F. approxi- 
mates this shape. Compare the voltmeter readings of the three 
parts of the circuit with the effective values as computed from 
the curve sheet (0.707 x maximum value). 



EXPERIMENT H 

Properties of the Alternating Current Circuit. The object 
of this test is to investigate the relations existing between the 
phase and magnitude of the current and impressed E.M.F. of 
a circuit containing inductance, capacity and resistance in series. 
Also the effect of frequency is to be noted and the difference 
between ohmic and " effective " resistance is to be measiured. 

When an E.M.F., either A.C. or D.C., is impressed upon any 
circuit a ciurent is caused to Bow, the value of which depends 
upon the reactions which the circuit offers. When the char- 
acteristics of the circuit are known, the value of the current may 
always be found by setting up the differential equation of reac- 
tions existing in the circuit, and putting their sum equal to the 
impressed E.M.F. In general the reactions are proportional 
to the current or some fimction of the current, so that the dif- 
ferential equation involves the current, constants of the circuit, 
and impressed force; its solution expresses the current in terms 
of the impressed force and the constants of the circuit. 

In the direct current circuit the solution is extremely simple, 
because the current itself is generally a constant quantity, but 
in the case of alternating currents the reactions are more complex 
and so the solution is more difficult. The solution will not be 
attempted here, but the results of the solution will be used and 
discussed. 

The three reactions which occur in the circuit to be tested 
are resistance reaction, inductance reaction and capacity reac- 
tion; they will each be discussed separately. 

In the ordinary D.C. circuit, as e.go an incandescent lamp 
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connected to a supply line, Ohm's law 
existing between current and E.M.F., 



expresses the relation 



E^IR 



where 



£» potential difference at terminals of lamp; 
/= current flowing through lamp; 
12= resistance of lamp. 

In case an A.C. E.M.F. is applied to this lamp, exactly the 
same law holds; E and / will be the effective values of the voltage 
and current while R will have exactly the same value as it had 



'mpre899d Ejmf, 




reaction 
Fig. 6 



for the direct current. This is the case of an A.C. circuit having 
only resistance reaction; moreover, the effective resistance is 
the same as the ohmic resistance. (This will always be true, 
for ordinary frequencies, unless the circuit embraces a magnetic 
path made up of iron. The difference will be discussed later.) 

The above law gives the magnitude of the alternating current 
through the lamp, and its phase will be the same as that of the 
E.M.F. As i? is a constant the current will at every instant be 
directly proportional to the E.M.F. If the voltage is a sine curve, 
the current will also be a sine curve (in general of different ampli- 
tude) in exactiy the same phase as the voltage. The curve 
representation of the two variables is given in Fig. 6. 
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The next reaction to be considered is that offered by a coil 
of wire having a considerable number of turns. A coQ of few 
tums shows the same effect as one having many turns, but 
not to an extent sufficient to measure with ordinary laboratory 
instruments. A current flowing through such a coil produces 
a magnetic field the strength of which is at any instant direcdy 
proportional to the value of the current. It is a property of such 
a magnetic field that whenever its strength is changed an electro- 
motive force is set up in the electric circuit which embraces the 
magnetic field. The direction of this E.M.F. of self induction 




InductancB 
nacikui 



Fig. 7 



depends upon whether the field is increasing or decreasing, and 
its magnitude depends upon the rate of change of the field and 
number of tums in the coil. As the field is always proportional 
to the current, it is evident that this inductance reaction is pro- 
portional to the rate of change of the current. 

It is evident, therefore, that if an alternating current is sent 
through such a coil, there will be two reacting forces set up in 
the circuit, the resistance reaction (the coil will of course have 
resistance) and the inductance reaction. If the current is a 
sine function of the time the rate of change of the current, to 
which the inductance reaction is proportional, will be of similar 
form but displaced 90® from it. By further analysis it may be 
shown that this inductance reaction is 90° behind the phase of 
the current. The two reactions may be presented in the form 
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of curves as shown in Fig. 7. The current is assumed, the 
resistance and inductance reactions can then be plotted, and the 
impressed force is then found as equal to &e sum of the two 
reactions and of course, opposite in phase. Represented vector- 
ially it will be seen that the different forces of Fig. 7 are properly 
given in Fig. 8. The phase of the current is assmned as 01. 
The resistance reaction is shown as OR and the inductance 
reaction as OX. The combined reactions are then given by 
the vector OZ; the impressed force must be equal and opposite 



Direction of 
Vector 
otation 




Fig. 8 



to this, so is properly shown as OE. The length of the vector 
OR is equal (in scale of volts) to the current (in amperes) multi- 
plied by resistance (in ohms). Maximum values of E.M.F. 
and current would naturally be used in constructing the vector 
diagram, but the diagram holds good if effective values (maximum 
value / V2) are used, as it simply amoimts to a change in scale. 

The length of the vector OX is proportional to L, the coef- 
ficient of self induction of the circuit expressed in henrys, and 
to the rate of change of the current But if the current is ex- 
pressed by i=/max sin 2;r/lf it is at once evident that the maximum 
value of the inductance reaction is 27rfLImBx- But if the other 
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reactions are expressed in effective values, the inductance reaction 
is given by 0X= 275/L/, where / is the effective value of the current. 
The phase difference of the impressed force is generally desig- 
nated by <f> and from the diagram it is seen that 

tano^—r or cos = —;=====. 

The power used up in the circuit is equal to the current X resist- 
ance reaction. But resistance reaction == impressed E.M.F. X cos ^. 
So that power used up (expressed in watts) =/X/i?=/iS cos ^. 

It was proved in Ex. i that the wattmeter reading does give 
EI cos (f>. 



Capadtf naetion 



uirent 




Fig. 9 

If now a condenser is put in the circuit a capacity reaction 
will result. The counter E.M.F. of a condenser is equal to 
Q/C 

where Q= quantity of electricity in condenser; 
C= capacity of condenser. 

If Q is expressed in coulombs, and C in farads, the counter 
E.M.F. will be given by the formula in volts. 

The quantity of electricity in a condenser, of positive polarity, 
e.g., will be a maximiun at the end of a positive alternation of the 
current When the current reverses, some of the electricity 
begins to flow out of the condenser, so that the truth of the above 
statement is evident. The condenser reaction will therefore 
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have a maximum positive value at the end of a positive loop of 
currait and the reaction is of the same form, with respect to time, 
as the current wave (if the current is a simple sine wave). The 
phase relations between current and condenser reaction is shown 
in Fig. 9, and vectorially in Fig. lo. In this latter figure 01 
represents the current and OC gives the condenser reaction. 
The magnitude of this reaction is 

where 

£c= capacity reaction in volts; 

/= current in amperes; 

/= frequency; 

C= capacity in farads. 

The three reactions which have been discussed may now be 



/ 



c 



Fig. io 



grouped for convenience: 

Resistance reaction = 77?, i8o° out of phase with current; 
Inductance reaction = 27r/Ir/, 90° behind current; 

Capacity reaction = — 77^, 90® ahead of current. 

(Generally vector diagrams do not give the reactions them- 
selves, but the components of the impressed E.M.F. used in 
overcoming these reactions. These components are sometimes 
called the reactions; it must be remembered, however, that 
really the reactions are 180° out of phase with these components 



102 TESTING OF ELECTRICAL MACHINERY 

of the E.M.F. In so far as no ambiguity will arise from such 
nomenclature and as text-books on the subject of alternating 
currents generally use the terms inductance drop, etc., signi- 
fying " the component of the impressed E,M.F. to balance the 
inductance reaction " such use of the terms will be made here. 
We have, therefore. 

Current lags 90^ behind inductance drop; 
Current leads 90° ahead of capacity drop; 
Current in phase with resistance drop. 

The difference between ohmic and effective resistance is now 
to be noted. If current is sent through one cofl of a transformer 
(a coil having a magnetic circuit in which iron is used) and the 
power used in the coil is measured by a wattmeter, it will be found 
that the wattmeter indication is much greater than Pr where 

/=the current, 

r= resistance of coil, calculated from size and length of wire, 
or measured by direct current test. 

The continually reversing magnetic field in flie iron uses up 
energy as hysteresis and eddy current loss. This loss must be 
furnished by the line supplying the current, and the wattmeter 
measures this loss and so gives the same reading as though the 
ohmic resistance of the coil was much greater than it actually is. 

If /= current; 

r= ohmic resistance; 
W= watts consiuned, shown by wattmeter; 
J2= effective resistance; 
Then W = PR; 

Since copper loss=/2r. we may write 

W=P{r+x) 

where x represents the apparent increase in resistance of the 
circuit produced by hysteresis and eddy currents in the iron. 
The value of x depends upon the quantity and quality of the 
iron in the magnetic circuit, the flux density in the iron and the 
frequency of the current. 
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If a condenser, inductance and non-inductive resistance 
are connected in series, all of the previously discussed reactions 
will occur in the circuit. The different reacting forces may be 
measured and their relative phases determined. Added vector- 
ially these component E.M.F.'s should give the impressed E.M.F. 
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Fig. II 



both in phase and magnitude. As was shown in Ex. i, the watt- 
meter reading of any part of the circuit gives the product of the 
resistance (effective) reaction and the current By dividing the 
watts by current in the circuit the resistance reaction is there- 
fore found. The proper phase for the voltage drop in the circuit, 
(or part of circuit) referred to the current, is thus obtained. 
In Fig. II, is shown the vector diagram for the circuit as given 
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in Fig. 12. The phase of the current is assumed as 01. The 
non-inductive resistance drop, OU, is plotted in phase with 01 
and equal in magnitude to the voltage across the non-inductive 
resistance as indicated by the voltmeter. The resistance reaction 
of the inductance coil is obtained by dividing the watts used in 
the inductance coil by the current. This voltage is plotted in 
Fig. II as ORl. With a radius equal to the voltage drop across 
the inductance coil (measured by voltmeter) an arc is drawn 
about O as center and the inductance drop is then plotted in 
such a phase as will give the requisite component Oi?L in phase 
with the ciuTent. It is shown as OLy and the resultant of OR and 
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OL is shown as OA. The capacity drop is plotted as OC. (It 
is supposed that some power is used in the condenser, giving a 
voltage component in phase with the current. This component 
is obtained in the same manner as ORl was obtained.) The 
resultant of the three voltages ORy OL and OCy is shown as 
OE. This vector, 0£, should agree both in magnitude and 
phase with the impressed voltage as measured and calculated 
from readings of voltmeter, wattmeter and ammeter. 

It is to be noticed that the angle <}> may not check very closely 
with the value as obtained by the formula, 

, watts in total circuit 

cos Q = ; ; ; , 

^ ciuTent Xmipressed voltage 
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This will be especially true if ^ is small. The value determined 
experimentally is cos <f> and not <p itself. When <f> is small a large 
change in is accompanied by only a small change in cos (f>. 

With connections made as in Fig. 12, using an inductance 
coil with iron core, adjust the different parts of the circuit imtil the 
three drops are approximately equal. Read current, volts and 
watts for each part and for the whole circuit, keeping the impressed 
voltage constant while getting the set of readings. Change the 
value of the resistance (to about one-half its previous value if 
feasible) itnd take another set of readings. Keep the impressed 
voltage and frequency at the same values as before; the current 
will of course be different. 

Take two more sets of readings at different frequency, using 
about the same values of resistance as before and keeping the 
same value of impressed voltage constant as before.. 

By direct current " drop of potential " method measure the 
ohmic resistance of the inductance coil and of the non-iaductive 
resistance. Make these measurements of resistance with about 
the same value of current as used in the A.C. test to avoid errors 
due to heating. 

Calculate cos 0, for whole circuit, for the four different runs. 
Construct vector diagrams for the four runs. On each diagram 
plot the measured value of impressed voltage for comparison 
with the vectorially obtained resultant. 

Compare the resistances as obtained in D.C. test with those 
obtained in A.C. test. Explain. 

What would be the proper factor of the circuit if the inductance 
and capacity reactances were equal? 

Why does the arithmetical sum of the watts used in the dif- 
ferent parts of the circuit equal the total watts ? 

Why does not the arithmetical sum of the different voltages 
equal the impressed E.M.F. ? 



EXPERIMENT IH 

The Alternator; its Characteristics^ Measured and Predicted. 
The alternating current generator consists essentially of a cofl 
of wire rotating in a magnetic field, the ends of the coil being 
connected to slip rings from which power is taken by means of 
brushes. Such a generator gives an E.M.F. which is continually 
reversing in direction. The air gap is so shaped and the coils 
so placed on the armature that the wave of generated E.M.F. 
is, as nearly as possible, a sine wave with respect to time. 

The magnetic field of the machine is obtained from electro- 
magnets which must be excited from some source of direct current 
power. This is one feature which distinguishes the A.C. from 
the D.C. generator, the latter being sdf exciting. In an alter- 
nating current generating station several comparatively small 
direct cmrent machines, called exciters, are run merely to supply 
the field current for the alternators. 

The E.M.F. induced in an armature coil reverses every time 
the coil passes a field pole and so makes a complete cycle for 
every pair of poles passed. To figure the frequency (number 
of cycles per second) an A.C. generator is supplying, it is only 
necessary to multiply the revolutions per second by the number 
of pairs of poles. 

For a given strength of magnetic field and fixed speed the 
generated voltage of an A.C. generator must remain constant, 
i.e., independent of load. As Toad is put on the machine with 
above conditions fixed the terminal voltage will, however, decrease, 
the decrease being nearly proportional to the load current At 
loads greater than rated value the decrease in voltage is con- 
siderably greater for a given increase of load. When the load 

zo6 



THE ALTERNATOR 107 

is zero &e terminal and generated voltages are equaL But when 
current is flowing through the armature windings, &ere occur 
in the armature coils, reactions which must be overcome by the 
generated E.M.F. As these reactions are proportional to the 
current it is evident that the terminal voltage will fall with 
increasing load, the generated E.M.F. remaining constant. The 
decrease of terminal voltage with load depends not only upon the 
amount of load, but also upon the kind of load, the decrease 
being much greater for inductive than for non-inductive loads. 
The reason for this will appear later. The voltage of a line to 
which incandescent lamps are connected should remain as nesirly 
constant as possible. If the voltage decreases the amount of light 
given off decreases very rapidly, while if the lamps are operated 
at a higher than rated voltage, the life is materially shortened. 
A decrease of 5 per cent from rated voltage cuts down the amoimt 
of light from a carbon incandescent kunp nearly 30 per cent; 
an increase of voltage of 5 per cent above rating cuts down the 
life to 35 per cent of its rated value. 

The feasibility of maintaining constant voltage on the line 
when the load is varied is an important point to investigate. 
That alternator giving the most constant terminal voltage with 
varying load, will most satisfactorily carry a lighting load and 
will require the least field adjustment with change of load. If 
rated load is put on an alternator and the field current adjusted 
until rated terminal voltage is obtained, then maintaining field 
current constant, the load is taken off, the terminal voltage will 
rise and the amount of this rise is a measiure of the regulation of 
the machine. By definition, 

^ , . r. /ry V voltage at no load — voltage at full load 
Regulation (in %) voltage at f uU load ' 

The regulation of an alternator on non-inductive load will be 
somewhere from 5 to 15 per cent, depending upon the constants 
of the armature (resistance, inductance, etc.) 

The first part of this experiment consists in actually loading 
the generator and so obtaining the external characteristic. For 
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non-inducdve load a water barrel or lamp board may be used; 
for inductive load a variable inductance coil is to be connected 
in parallel with the non-inductive load. The connections will 
be as in Fig. 13, in which A represents the lamp board and J^ 
the variable inductance. For getting the external character- 
istic with non-inductive load switch C is left open, and A^ the 
non inductive load is so varied that the armature current is 
adjusted for the desired values. 

After the alternator is running at rated speed, adjust the load 
current and field current so that rated terminal voltage is obtained 
with rated ciurent. Read the field current and maintain it at 
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this value throughout the run. Keeping speed constant, take 
readings of armature current and terminal voltage, with values 
of current equal approximately to i^, ij, rated, J, J, J and zero 
load. 

To get the external characteristic with inductive load (corre- 
sponding to a commercial load of transformers, induction motors, 
etc.), the variable inductance must be used. The method of 
manipulating the inductance coil is as follows. Suppose the 
machine is rated at 50 amperes at no volts and the j)Ower factor 
desired is 0.8. 

With maximum inductance in the coil, close switch C, having 
the voltage about normal. The watts necessary for full load 
current at .8 power factor are no X 50 X. 8 = 4400. Adjust the 
lamp bank imtil the wattmeter reads 4.4 K.W. Then decrease 
the inductance of coil B until the ammeter Ai reads about 50 
amperes. Then adjust the field current to bring the terminal 
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voltage to rated value and bring Ai exactly to 50 amperes and 
read field current^ armature current^ terminal voltage and speed 
(which must, of course, be at rated value). Keep field current 
and speed at these values and proceed in similar fashion to get 
points on the external characteristic at about the same values as 
in the previous run. 

The curves should look about like those given in Fig. 14, 
and should be plotted in similar fashion, the inductive charactor- 
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istic being plotted in some manner to distinguish its points from 
the other curve. 

To determine experimentally the external characteristic of an 
alternator is always more or less expensive (because of the power 
used) and frequently it is difficult to find proper inductances and 
resistances for loading. The latter consideration is very important 
when the alternators are of high capacity and voltage. There- 
fore various methods for predetermining the characteristic have 
been devised. One of the simplest methods will be described 
here. 

When current is flowing through the armatiure it oflFers resist- 
ance and inductance reactions to the passage of the current. 
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For a given generated E.M.F. we can determine the terminal 
voltage by subtracting from the generated E.M.F. the two reac- 
tions in their proper magnitude and phase. The only measure- 
ments which it is necessary to make, for this scheme of pre- 
determining the characteristic, are the resistance and inductance 
reactions at] some known value of current (rated current pref- 
erably). These two reactions, combined vectorially with the 
rated terminal voltage, give the generated voltage (as explained 
in Ex. 2). If from this generated voltage the reactions for any 
other value of current are vectorially subtracted the vector 
remainder will be the terminal voltage for that current. 
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With the armatiure stationary and connections as in Fig. 15, 
impress enough A.C. voltage (of frequency same as that the 
alternator is rated to give) to force full load current through 
the armature with normal exciting ciurent in the field coils. 
Read amperes, volts and watts. The voltage necessary will 
generally be about 20 per cent of the rated E.M.F. of the machine. 
Take four sets of readings with the armature in different angular 
positions with respect to the field poles. Take the positions 
about 45° (electrical) apart. 

Calculate the resistance reaction by dividing the average 
watts by current. Obtain the average impedance drop and so 
calculate the average inductance reaction by the formula, 



Inductance reaction = Vimpedance reaction^ — resistance reaction^ 

Referring to Fig. 16, the method for predetermining the external 
characteristic for non-inductive load is given. The rated terminal 
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voltage OEt is laid oflF in phase with the current 01. The resist- 
ance and inductance reactions are shown at OR and OX. The 
generated voltage is found as OEg, and the locus of the E.M.F. 
as the load varies is the circular arc through Eg described with O as 
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Fig. i6 



center. At half load the reactions will be one-half as large (of 
course in same phase with respect to current as before) and the 




Fig. 17 

generated voltage is the same. The terminal voltage is therefore 
foimd at 0£/. At no load the terminal voltage 0£/' is equal 
to the generated voltage OEg, 

For inductive load the construction is very similar. If the 
power factor at which the characteristic is desh'ed is cos ^, the 
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rated terminal voltage is laid ofiE along the line OA, making the 
angle 4> with the assumed phase of the current 01. In Fig. 17 
the construction is plainly indicated, so that further explanation 
is unnecessary. 

Construct the vector diagrams for prediction of the character- 
istics for loads of same power factors as were used in first part of 
test. Indicate on the cxirve sheet the points as obtained from 
vector construction for loads of approximately those used in test. 

There exists in alternating cxirrent generators another effect 
which has not yet been mentioned; the armature cxirrent has an 
influence on the field strength of the alternator, and even if the 
field current be maintained constant, the generated E.M.F. 
OEg does not stay constant as the load is varied. For this 
reason the above simple scheme for predetermining the alterna- 
tor characteristic is not very accurate, especially for loads of low 
power factors. In this short course of testing, however, it is not 
feasible to employ one of the more complicated methods which 
do take account of the armature magnetizing or demagnetizing 

effect 
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The Transformer; its Operating Characteristics; Analysis 
of Losses and Predetermination of Efficiency. The transformer 
is a stationary piece of apparatus by means of which A.C. power 
may be transformed from one voltage to another, either higher 
or lower. It finds its application where A.C. power is to be 
carried any considerable distance. For a given size of trans- 
mission line the power loss in the line varies as the square of 
the current, so that from the standpoint of efficiency the power 
should be at as high a voltage as the transmission line will safely 
carry. The voltage being high, the cxurent will be correspondingly 
low and therefore the loss in the line low. At present it is not 
feasible to operate transmission lines at higher than 110,000 
volts; if a higher pressiure than this is used the losses by leakage 
over insulators and actual leakage currents into the surrounding 
atmosphere become so great, that the efficiency of transmission 
begins to decrease because of these losses. 

A.C. generators are not economically built for E.M.F.'s 
exceeding perhaps 15,000 volts. At the point where power is 
used for motors, lights, etc., the required voltage is generally 
less than 440 volts. A possible problem then is to generate at 
perhaps 10,000 volts, transmit at 100,000 volts and utilize at 
200 volts. To accomplish these changes in voltage is the function 
of the stationary transformer. At the beginning of the line a 
" step up" transformer with ratio i to 10 would be used; at 
the end of the line a " step down " transformer of ratio 500 to i 
would be used. The latter transformation might possibly be 
carried out in two steps: the transmission line might be con- 
nected to the distributing feeders with 50:1 transformers, and 
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the supply for lights, etc., be take off the distributing feeders 
by step down transformers of ratio lo : i. The difference between 
a " step up " and a " step down " transformer is merely one 
of service; a lo K.V.A. iioo-iio volt transformer is one which 
will transform lo kilo-volt amperes from iioo to no volts if 
used as a ^^ step down '' transformer or will transform the same 
amount of power from no volts to about iioo volts, when used 
as a " step up " transformer. 

A transformer consists essentially of a closed iron magnetic 
circuit upon which are wound two insulated coils of wire. The 
two coils are generally woimd in sections, the different sections 
being so interspersed that the magnetic leakage between the two 
coils is a minimum. On open circuit (i.e., the transformer sup- 
plying no load) the ratio of voltages is equal to the ratio of the 
numbers of turns of the two coils; as load is put on the trans- 
former the terminal voltage of the secondary will decrease from 
this value. The name " secondary " is applied to that coil from 
which power is taken; the coil connected to the power supply 
line is termed the " primary." 

The operation of a transformer is essentially as follows: 
When the primary coil is connected to a source of A.C. power, 
a current will flow in the coil, and if there were no hysteresis in 
the iron core this current would be of the same form as the E.M.F. 
wave of the source of supply. When hysteresis occurs to any 
appreciable extent in the iron core this exciting current is dis- 
torted in form, but alternates with the same frequency as the 
impressed E.M.F. The alternating current produces in the iron 
core an alternating magnetic field. Now any other coil threading 
the alternating magnetic field has induced in it an alternating 
E.M.F., the magnitude of which E.M.F. depends upon the nmn- 
ber of turns in the second coil. The secondary E.M.F. has the 
same shape as the E.M.F. impressed on the primary. 

The exciting current (primary current with secondary open 
circuited) is only a few per cent of the full load rated current of 
the transformer. When the secondary is loaded with a certain 
current a corresponding current flows into the primary because 
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of the reactions occurring between the two coils, the reactions 
being brought about by the magnetic field which is common to 
the two coils. 

If a constant E.M.F. is impressed on the primary the second- 
ary terminal volts decrease somewhat with increase of load; the 
decrease is caused by the resistance and inductance reactions 
which occur in the transformer itself. 

Three characteristics to be investigated in this test, are effi- 
ciency, primary power factor, and secondary terminal volts, 
the load to be non-inductive and the primary impressed E.M.F. 
to be maintained constant at rated value. 

The efficiency will be found to rise very rapidly with the load 
and will be practically constant between \ full load and ij full 
load. There are no moving parts to the transformer and hence 
no mechanical losses to be supplied. This feature makes the 
transformer the most efficient of all pieces of A.C. apparatus. 
The full load efficiency of a transformer may be between 92 and 
98 per cent, depending upon the capacity, being greater for the 
larger sizes. 

At no load the power factor is very low, perhaps 0.3 or 0.4. 
As load is put on, this rapidly increases and from \ load up will 
be between .98 and i.o, these figures being for non-inductive 
load on the secondary. At no load the secondary voltage is 
equal to the impressed E.M.F. multiplied by the ratio of the niun- 
bers of turns on the primary and secondary. As load is applied 
the secondary terminal E.M.F. gradually decreases, the amount 
of decrease depending upon the amount of load and whether or 
not it is inductive. For non-inductive load the decrease from 
no load to full load may be about 5 per cent or less. 

In obtaining these three characteristics by loading, make 
connections as in Fig. 18. By the arrangement of two double 
throw and two single throw switches as shown, only one set of 
meters is required. The most important reason for using this 
switching arrangement, however, is to get rid of calibration errors 
in the instruments. The efficiency and power factor being so 
high, the different meters have to be very accurate, if absuid 
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results are not to be obtained (eflSciency greater than loo per cent, 
etc.). The voltmeter Vi is used merely to maintain the impressed 
voltage of the transformer constant. The input in volts, amperes 
and watts is obtained by having Si and ^2 thrown to the left, 
5*4 open and ^3 closed. To get output, ^4 is first closed. Si 
and ^2 thrown to the right, then ^3 opened. The load is fixed 
at the desired value, then while Vi is maintained at the rated 
value of the transformer, both input and output are read. 

As the load is non-inductive, the wattmeter reading of output 
should equal volt-amperes output. If it is not so, a wattmeter 
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calibration curve is to be constructed, using wattmeter reading 
(of secondary load) as one ordinate and volts X amperes as the 
other. Calling the voltmeter and ammeter correct in their cali- 
bration, the correct wattmeter reading is thus given in terms of 
their readings. From this calibration curve, correct the readings 
of input watts. The eflSciency is then obtained as the quotient 
of watts output to watts input, corrected readings being used. 
The power factor of the primary is obtained as quotient of watts 
(corrected) by volt-amperes of primary. The external character- 
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istic is obtained directly from the readings of secondary E,M.F. 
and current. 

There are two different losses which occur in the transformer: 
hysteresis and eddy currents in the iron core, due to the contin- 
ually reversing magnetic field, and the ohmic or copper loss, 
due to the currents flowing through the windings of the trans- 
former. The iron loss is practically independent of load because 
the strength of the magnetic field in the core changes but slightly 
from no load to full load. It is to be regarded as constant in this 
test. When there is no load on the transformer there is in the 
primary coil merely the exciting current flowing; the magnitude 
of which varies between 2 and 5 per cent of full load current. 
In the secondary coil there is no current at all; when it is remem- 
bered that the copper loss varies with the (cxuTent)^ it is readily 
appreciated that the copper loss of the transformer with open 
secondary circuit is entirely negligible. The iron loss is, how- 
ever, normal. The no load input is therefore taken as being all 
iron loss; the loss is measured by using a suitable wattmeter 
in the primary and impressing normal E.M.F. at rated fre- 
quency; the secondary is to be open. 

The wattmeter to be used for obtaining this reading must have a 
potential capacity equal to rated E.M.F. of the transformer and 
a current coil of capacity equal to about 5 per cent of the current 
rating of the transformer. This wattmeter is to be used only for 
the iron loss test; be siure and remove it from the circuit before 
making the copper loss test which is described below. Because 
of the retentiveness of the iron magnetic circuit of the trans- 
former, the current which is taken when the transformer is first 
switched to a line of rated vDltage may be excessive and generally 
will cause damage to the wattmeter. To get rid of this possibility 
before connecting the transformer to the line reduce tiie voltage 
of the line supplying the power to as low a value as possible, switch 
the transformer to the line and then gradually bring up the 
voltage to normal. Only one reading of the iron loss is necessary. 

The copper loss may be put equal to (Ip^Rp+Ig^Rg) where 
Ip and Ig represent the primary and secondary currents and Rp 
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and Rg represent the two resistances. Ip^^al^y where a is the 
ratio of the transformer; also R^—a^Rp. 
Therefore copper loss^/p^/JpH-/.^/^; 

-^I.^R\ 

where R is what we may call the equivalent resistance of the 
transformer. If the copper loss is measured for any value of 
/„ R can be computed. If connections are made as in Fig. 19, 
the copper loss may be measured. With the secondary short 
circuited only a very small impressed E.M.F. is necessary to 
cause full load current to flow in the secondary circuit. If then 



^ 
^.c. 





Fig. 19 



the wattmeter reading is taken, it represents the copper loss in 
both coils for full load secondary cxurent. It is well to excite 
the alternator field by a potentiometer connection to the D.C. 
line; the voltage may be reduced as low as desirable with this 
scheme of connections. The wattmeter used in this test must 
have a current capacity eqtud to fiM had current of the primary ^ 
It will likely be necessary to use a small potential transformer M 
to get sufficient E.M.F. on the wattmeter to give a readable 
deflection. The wattmeter reading must then be divided by 
the ratio of M. 

A small iron loss is incurred in this test, but it is so small as 
to be negligible. The iron loss varies nearly with the impressed 
E.M.F. to the 1.6 power and so is very small when the impressed 
E.M.F. is small. 
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After R is computed from the copper loss test, the curve of PR 
may be plotted by taking suitable values of /. The two loss 
curves have the form given in Fig. 20, and they may be used to 
predict quite accurately the efficiency of the transformer for 
different loads. The total loss curve is plotted as the sum of 
the iron and copper losses. Suppose the curves represent the 
losses in a transformer whose secondary voltage is 100 (assimied 
constant for this calculation with practically no error involved.) 
At 40 amperes output, non-inductive load, the watts output = 



/ Total foss 
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100X40=4000. From the loss curve it is seen that with 40 
amperes output the loss is 115 watts. The input must there- 
fore be =4000 + 115 ==41 15 watts. The efficiency = output/ 



input = 



4000 



The efficiency for any other output may be 



4115 
similarly computed. 

Make the load test called for and plot the three character- 
istics on one curve sheet with cxurent output as abscissa. 

Measiure the two losses as described; plot the results on a 
second sheet and calculate the efficiency for several outputs. 
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Plot the efficiency points so obtained on curve sheet No. i, to 
see how nearly the predicted values of efficiency agree with the 
measiured values. If discrepancies occur it is likely that the 
predicted values are the correct ones, as this prediction method 
is more accurate than the actual measiurement. 

The other characteristics may also be predetermined, as was 
the efficiency, but it is not thought well to further complicate 
the test. 



EXPERIMENT V 

The Induction Motor; its Operating Characteristics with and 
without Added Rotor Resistance. For such purposes as require 
a driver of practically constant speed, when alternating current 
power is available, the induction motor is nearly always used. 
Its speed is not quite constant, but decreases as the load is 
increased; the decrease in speed, or " slip," as it is called, may 



Current in 
phase # / 




be between $ and 8 per cent at full load, the slip being expressed 
in percentage of synchronous speed. 

Nearly all induction motors are polyphase, i.e,, they are fed 
from a network of conductors, from which cxurents of diflFerent 
phases may be taken. Of all polyphase systems the three phase 
is most important, but as the two phase motor serves as well for 
analysis as the three phase and is somewhat simpler to represent, 
it will be described here. 

A two phase generator is one having usually two entirely sep- 
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arate coQs. The coils are tdentical in every respect except fljeir 
positiOT on the armature, one coil being placed 90° (electrical) 
behind the other. The two coils are ccoinected each to two ^p 
rings and the two phase power is distributed on four wires. 
(Three rings and three wires may 8(Hnetimes be used.) If two 
simflar loads are cramected to the two phases, the curraits in 
these load circuits will have the form and phase rdatiohs givem 
in Fig. 31. 




Suppose now that we have a two phase induction motor wifli 
the stator (stationary part) wound with two sets of coils on poles 
as shown and that the two coils are connected to a two phase 
system as shown. By reference to Fig. 22, the polarity of the 
magnetic field of the motor may be determined at any time, and 
in Fig. 22 this polarity is represaited for the differ^it times 
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shown in Fig. 21, by the letters iV, 5, O, on the different circles. 
Circle numbered i shows the polarity of the field at time i. It 
may thus be easily seen that a magnetic field produced by two 
windings go"" apart and supplied with currents 90^ apart is 
essentially a rotating one, the N pole traveling in a clockwise 
direction in Fig. 22. Three windings spaced 120° apart and 
supplied with three phase currents 120® apart likewise produce 
a rotating magnetic field. The stator of an actual induction 
motor is not built exacdy as shown; there are no separate pro- 
jecting pole pieces; the different windings are imbedded in slots, 
like the winding of a D.C. armature. 

The rotor, or moving part, consists of a laminated iron core 
accurately fitted to turn between the poles of the stator. In the 
periphery of the rotor are imbedded conductors which may be 
interconnected in different ways. In the squirrel cage winding 
the conductors are all short circuited on one another by being 
connected to conducting end rings. Or the rotor may be 
equipped with wound coils and the ends of the coils be connected 
to slip rings. Brushes bearing on these rings make it feasible 
to short circuit the coils if desired or else the brushes may be 
connected together through resistances, thereby increasing the 
resistance of the rotor circuit. This scheme of having a wound 
rotor and inserting external resistance when desired is used 
in most large size motors; the squirrel cage rotor is generally not 
used in motors over 1 5 H.P. in capacity. Motors built for special 
service, however, may have squirrel cage rotors in sizes as high 
as 75 H.P. 

Consider the squirrel cage rotor in the rotating magnetic 
field. If the rotor is standing still and the magnetic field is 
revolving it is evident that an E.M.F. will be developed in the 
rotor winding and as the winding is short circuited, a current 
will flow in the rotor conductors. But it is a fundamental 
principle that a conductor carrying cxurent placed in a magnetic 
field will be acted upon by a force. By consideration of the 
motion of the field, direction of induced E.M.F., etc., it may be 
shown that the force acting in the rotor conductors will be in such 
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a direction tbat the rotor is urged to revolve in the same direction 
as the magnetic field. Just so long as there is relative motion 
between the rotor and magnetic field, a torque will be produced 
which tends to accelerate the rotor. If there were no losses 
of any kind in the revolving rotor it would continue to accelerate 
until the relative motion of rotor and field was zero, i.e., the rotor 
would turn at the same angular speed as the field, called synchronous 
speed; the slip is then zero. There always exists some brush 
friction and windage to overcome, so that it is always necessary 
for the rotor to exert some torque, therefore the rotor never quite 
reaches synchronous speed; at no load the slip may be betweoi 
.2% and i.o%. 

Now as the rotor is called upon to exert more torque, more 
current must flow in the rotor conductors; this can only occur 
if a greater E.M.F. is induced in them, which in turn requires an 
increase in the slip. The slip must therefore increase with load; 
for small loads the slip and load are nearly proportional. 

The effect of increasing the rotor resistance is to increase 
the slip necessary to exert a certain torque. The reason for this 
is almost self evident. To exert a certain torque requires a 
certain current in the rotor; but if the resistance of the rotor 
circuit is increased, the E.M.F. must be correspondingly increased 
to produce the required cxurent. The E.M.F. can only increase 
by an increase in slip. The increase in slip for a certain torque, 
by increase of the rotor circuit resistance, is only obtained 
by a decrease in efficiency. Whatever heat is generated in the 
external resistance added to the rotor circuit, is just so much loss, 
as it is useless in producing turning effort in the motor. 

The maximum torque which an induction motor can exert 
is independent of the variations of the rotor resistance. But the 
speed at which this maximum torque occurs decreases with in- 
crease of resistance. Therefore the " pull out " point, or maxi- 
mum output of the motor, decreases with addition of external 
resistance to the rotor circuit. 

The power factor of the induction motor is very low at light 
loads, increases with load up to about rated load, and then decreases 
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again with overload. It may be about 30 per cent at no load 
and rise to between 80 and 93 per cent for maximum value, the 
higher figure being for large size motors. 

At standstill the induction motor is essentially a short-cir- 
cuited transformer, the rotor corresponding to the secondary 
of a transformer. But if a short-circuited transformer is con- 
nected to a line of normal voltage the current taken is excessive, 
being perhaps 20 or 30 times full load value. Because of magnetic 
leakage between rotor and stator the conditions in the induction 
motor at starting (rotor at standstill) are not quite so bad as 
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Siator 
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Fig. 23 



with an ordinary transformer. However, the starting current 
when an induction motor is connected to a line of normal voltage 
is excessive and it is the principal object of the added external 
rotor resistances to limit this starting ciurent. 

Another effect of introducing resistance in the rotor circuit 
at starting is to increase the starting torque. An induction motor 
exerts its maximum torque when the rotor reactance is just equal 
to the rotor resistance. The rotor reactance varies directly 
with the slip and at standstill is much greater than the resist- 
ance in the ordinary rotor winding. By inserting extra resist- 
ance at starting, the resistance is brought equal to the reactance 
and maximimi torque is exerted at starting, a very favorable 
condition when the motor has to start line shafting, etc. As the 
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motor speeds up the extra resistance is cut out in steps and if 
properly done, the equality of resistance and reactance is main- 
tained as the motor speeds up; thus the rotor may be made to 
exert its maximum torque all the time during which it is accel- 
erating. 

With a polyphase induction motor three runs are to be made, 
one with the rotor short circuited and two with additional resist- 
ance in the rotor circuit. If a two phase motor is used make 
connections as in Fig. 23, and if three phase, as in Fig. 24. Note 
the e£Fect on the direction of starting of reversing the connections 
of one phase; of reversing two phases. 
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Fig. 34 



Instead of using two sets of instruments as shown in above 
figures, a single set of instnmients may be used with the combination 
of switches given in Ex. 4. 

In measuring three-phase power with two wattmeters as above, 
one wattmeter will read negative if the power factor of the motor 
is less than .5. Begin the run at full load and connect the watt- 
meters so that positive readings are obtained on both phases; 
at full load the power factor will surely be greater than .5. As 
the load decreases one wattmeter reading will decrease faster 
than the other, will reach zero at perhaps one-quarter load and 
at lighter load will deflect backward. Under this condition the 
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pojtential coil is to be reversed, reading taken and called negalive^ 
i.e., the motor input is the difference of the two wattmeter read- 
ings. No such difficulty will be encountered with the two-phase 
four-wire systems given in Fig. 23, but may arise if a three-wire 
two-phase system is used for power. 

Calculate the full load torque of the motor (assuming no slip) 
and take readings of input, torque and speed for about eight 
values of torque between zero and 50 per cent overload. Keep 
impressed voltage and frequency at rated values of the motor. 




H,P, Output 

Fig. 25 



Make this run with the rotor short circuited and make similar 
runs with two different values of added resistance in the rotor 
circuit. The greater value of resistance shoidd be about suffi- 
cient to give the rated full load torque at half synchronous speed ; 
the other resistance to be about one-half this value. 

The curves obtained from test shoidd look similar to those of 
Fig. 25, which were obtained from a 10 H.P., 60 cycle, 220 volt, 
2 phase motor. 
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The next chaxacteristic of the motor to be investigated is the 
relation of starting torque and current, to the resistance of the 
rotor circuit Apply one-half rated voltage (at rated frequency) 
to the motor, having the rotor locked. Take readings of torque 
and current for the different points of the starting resistance. 
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Fig. 26 



Measure resistance of rotor and of the various steps of the start- 
ing resistance, if they are not given. Plot curves of starting 
torque and current against rotor circuit resistance. The results 
shoidd be somewhat of the form of those given in Fig. 26, which 
are for the same motor as the curves of Fig. 25. 



EXPERIMENT VI 

The Synchronous Motor; Phase Characteristic and Phase 
Shifting with Load. If two alternating current generators are 
operating in parallel, supplying power to the same line, and the 
driving power is taken away from one of them, it will ordinarily 
continue to nm at exactly the same speed it had before (provided 
the other alternator does not slow down) and it draws from the 
other alternator the power necessary to run itself. An alter- 
nator so running is termed a synchronous motor as it runs exacdy 
in synchronism with the alternator supplying its power. This 
point is to be emphasized; a 6-pole synchronous motor running 
from a 6o-cycle power line runs at 1200 r.p.m. no load and 1200 
r.p.m. full load, and continues to run at 1200 r.p.m. as the load 
is further increased, until the " pull out " point of the motor is 
reached at perhaps 50 per cent overload; when this load is reached 
the motor pulls out of synchronism with the line and stops. As 
soon as it pulls out of step it draws an excessive current and the 
protective apparatus either at the motor or in the generating 
station must open if disastrous results are not to be incurred. 

A synchronous motor is generally not self -starting; some 
auxiliary driving power must bring it up to synchronous speed 
and when the proper conditions are reached the switch connect- 
ing the motor to the supply Une is closed. A polyphase synchron- 
ous motor is sometimes started as an induction motor in which 
case of course, no auxiliaiy starter is necessary. In this method 
of starting the field is left unexcited, the armature is connected 
to some low voltage taps (generally 50 per cent normal or less) 
on the supply transformers. The armature draws a rather 
heavy current, perhaps 100 per cent in excess of full load, and 
this armature current induces eddy currents in the pole faces. 

The interaction of the armature current and these eddy currents 
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tend to make the armature rotate. It will cootinue to accelerate 
until it reaches synchronous speed ; the armature is then connected 
to the normal voltage taps of the supply transformers and the 
field gradually excited imtil normal field current is reached. In 
revolving field synchronous motors where this method of starting 
is used^ each pole face of the machine is pierced by a niunber of 
brass or copper rods placed parallel to the shaft; the ends of 
these rods are connected to brass short circuiting rings. The 
machine thus starts as a squirrel cage induction motor. 

The connection of the armature to one-half voltage taps and 
then to normal voltage taps is accomplished by a double throw 
switch; the transition is made as quickly as possible so that the 
motor has no time to slow down during the process. 

The disadvantage of this method of starting is the large 
starting current taken from the line at very low power factor; 
the resultant fluctuations in the line voltage may seriously inter- 
fere with the operation of other synchronous apparatus connected 
to the line; in fact, if the fluctuations in line voltage are large, 
other synchronous apparatus may actually fall out of step. In 
spite of these disavantages the method is a very conunon one for 
starting revolving field s3nichronous motors. 

Another method for starting a synchronous motor is 
to use a small induction motor, the rotor of which is mounted 
on the extended shaft of the synchronous motor. The induction 
motor may be lo per cent the size of the synchronous motor; 
it must have at least one pair of poles less than the synchronous 
motor; and it is so designed that when its load is equal to the no 
load losses of the synchronous motor (core loss and friction) it is 
turning the synchronous motor at synchronous speed. After 
the synchronous motor is connected to the line, power is cut off 
from the induction motor and the rotor runs idle. 

The switch connecting the armature of the synchronous motor 
to the supply line is called the synchronizing switch. Before 
this may be closed four conditions must be fulfilled, unless the 
induction motor principle, as described above, is used for starting 
the motor. These conditions are: 
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1. Motor voltage equal to line voltage. 

2. Motor frequency equal to line frequency. i 

3. Phase of motor voltage exactly opposite to that of line. 

4. Wave form of motor E.M.F. must be nearly similar in 
form to wave of line E.M.F. 

The first three conditions may be adjusted by the operator, 
the fourth is satisfied or not when the machine is built. As was 
mentioned in the discussion of the alternator, the wave form of 
an A.C. machine is determined by the shape of air gap and pole 
piece and the distribution of the armature windings. 

By analyzing the four conditions named, it is seen that they 
demand that the motor voltage shall at every instant be equal 
and opposite to the line voltage. K that were not the case a 
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heavy current would flow through the armature due to the 
imbalanced voltage ; the current will be large even for a small 
unbalancing because of the low impedance of the armature. 

The first two conditions can be satisfied by the use of a volt- 
meter and speed counter when frequency of line supply is known. 
To determine the third condition, synchronizing lamps or a syn- 
chronoscope must be used. The synchronoscope is an indicating 
instrument having two internal circuits, one of which is connected 
to the line and one to the motor. The position of the pointer 
indicates the relative phases of the two E.M.F.'s. 

Lamps are to be used in this test, so their action will be more 
fully described. One lamp is connected across each blade of 
the synchronizing switch i4, as in Fig. 27. The lamps will 
flicker as the motor phase changes with respect to the line phase. 
They complete a circuit consisting of the motor armature, the 
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line and armature of the generator supplying the line. In this 
circuit there are acting two E.M.F.'s, that of the motor and that 
of the generator. At any instant the effective voltage in causing 
current to flow through the lamps, is the resultant of the two; 
as their relative phase changes, the resultant changes and has for 
its locus a circle as shown in Fig. 28. The resultant voltage 
for any position of E^ is seen to be OR, the chord to the circle 
from the point O. The current through the lamps, and therefore 
their brilliancy, will increase as the motor voltage E^ catches up 
(in phase) with Eg and will decrease as the two E.M.F.'s separate 
in phase. There will be no current through the lamps when £«, 



Fig. 28 



is just opposite in phase to Eg; condition No. 3 is therefore 
satisfied when the lamps are dark and this is called the " dark " 
connection for synchronizing. With the lamps connected diago- 
nally across the switch, the proper time for closing the switch is 
at the middle of a brigfU period. 1 

After having adjusted the motor voltage to equal the line 
voltage, the speed of the motor is so adjusted (by adjusting its 
driving motor) that the lamps flicker once in 4 or 5 seconds; 
the switch A is then closed in the middle of a dark or bright 
period, according to the connection of the lamps. The power 
supplying the starting motor may then be cut off. 
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If a three phase motor is used, it is necessary to use. three 
synchronizing lamps, one connected across each pole of the three 
pole synchronizing switch. The lights must flicker together; 
if they are brilliant and dark in rotation instead of simultaneously, 
one of the phases is incorrectly connected and two of the supply 
lines must be reversed in their connection to the motor. 

One of the important features of the synchronous motor is 
well shown by the set of curves called " phase characteristics." 

If the load on a synchronous motor is kept constant and the 
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field current varied, the armature current is caused to vary in 
about the fashion indicated in Fig. 29. It is this curve, drawn 
between armature current and field current as variables, which 
is called the phase characteristic. For any load a certain field 
current gives a minimum armature current. For any other 
value of field current the armature current is greater. Now as 
the load on the motor is supposed constant the power component 
of the armature current must remain practically constant. It 
must, therefore, be that any other than normal excitation on the 
motor produces in the armature a wattless current. In fact an 



134 



TESTING OF ELECTRICAL MACHINERY 



overexcited synchronous motor draws a leading current from 
the supply line and an underexcited motor a lagging current, 
as shown in Fig. 30. OE is the phase of the line voltage and 
01 is the armatiure current for no load with excitation OCj Fig. 
29. Excitations OA and OB result in armature currents AI, 
and BI2, Fig. 29, which are represented vectorially in Fig. 30, 
as Oil and O/2. 

If the speed of a synchronous motor is independent of load 




Fig. 30 



the question arises, how does the motor adjust itself to take more 
or less load ? The phase shifting of the motor armature is what 
accomplishes this end. 

The E.M.F. causing current to flow through the armature 
of the motor, is the vector resultant of the motor voltage and line 
voltage. This resultant varies with the variation of the phase 
difference of the two E.M.F.'s. In Fig. 31 are shown two 
positions of E^, the motor voltage, with respect to a fixed line 
voltage Et. The resultant, OEr, is the E.M.F. causing current 
to flow in the motor and this changes widely with a small shifting 
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of OE^. The current 01 is equal to the voltage OEr divided 

by the aimature impedance. It is laid oflf behind 0£, by the 

angle 0, where 

armatiure reactance 



tan 



armature resistance 



It is variation of the angle a, giving the phase position of the 
armature, which permits the motor to take more or less load. 
The variation in a may be easily determined. Suppose that 
two insulated discs with metallic strips (as used in Ex. i) are 
placed one on the shaft of the generator supplying the power and 
one on the shaft of the motor, and that an incandescent lamp 



is wired to a no-volt circuit through these two discs and their 
brushes as in Fig. 32. The lamp will light up only if the two 
brushes are in contact with the metal strips at the same time. 
The brush on the motor moves over a graduated arc so that its 
position may be read and the brush on the generator remains 
stationary. The position to which the motor brush must be 
moved before the lamp is lighted gives the phase position of the 
motor armature with respect to the generator armature. If the 
generator is large compared to the motor, its armature position 
is also a measure of the phase of the E.M.F. impressed on the 
motor. It will be found that the value of a is almost directiy 
proportional to the load. 

With the connections as in Fig. 2tij obtain the phase charac- 
teristics of the motor for no load, \ load and full load. On each 
curve get about 8 points, using for armature current not more 
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than 150% of the rated current of the motor; i.e., in Fig. 29, OY 
should not be greater than 50% above the rating of the motor. The 
motor may be loaded by Prony brake or, what is more convenient, 
by a D.C. generator. The genersCtor may be used as a starting 
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motor imtil the A.C. motor is synchronized and then it loay be 
used as generator to load the synchronous motor. 

In getting the phase characteristics it is not necessary to know 
the exact load on the motor; ^ rated ciurent may be used as half 
load, etc. 
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Fig. 33 



The impressed voltage and frequency are to be held constant; 
read volts, amperes, watts input and field current 

Then adjust the field current to the value for Tninimnm 
armature current at no load. Adjust the brush on the motor 
disc imtil the lamp bums and read brush position. If a low 
voltage lamp is not available, a D.C. voltmeter may be used 
instead of the lamp; the movable brush is shifted until the volt- 
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meter reads a inaximum. Read also impressed E.M.F. and 
field current, which are to be maintained constant, and also 
watts and amperes supplied to armature. 

Put on load in about 8 steps from no load to 50 per cent 
overload, taking same readings as for no load. 

Plot on one sheet, against field current as abscissa, watts 
input, amperes input and power factor for each of the runs. 

Plot on a second curve sheet, watts input to motor (armature 
input only) against brush position as abscissa. Note whether 
the brush is moved with or against the direction of rotation as 
load is increased, and so determine whether the motor armature 
is advanced or retarded in [phase as the load on the motor is 
increased. 



EXPERIMENT VII 

The Rotary Converter; Effect of Voltage and Speed upon 
Ratio; Operating Characteristics. The efficient transmission 
of electric power over any considerable distance requires the use 
of alternating currents, as was explained in Ex. 4. Practically 
all motors for driving eletcric trains are direct current motors; 
although alternating current motors have been used in some 
few cases, the field of electric traction in America is so exclusively 
controlled by the direct current motor that from the general 
standpoint the A.C. motor need not be considered. The char- 
acteristics of a small A.C. series motor are given in Fig. 34. 
Also in dotted lines are given the characteristics of the same 
motor run with direct current power; the superiority of its 
behavior as a D.C. motor is so evident that nothing further need 
be said regarding the comparative merits of A.C. and D.C. rail- 
way motors. 

The electric railway generating station is always located 
where water and coaling facilities are good, and A.C. power is 
generated. This power is transmitted at a high voltage to a 
substation where the voltage is stepped down. It is the function 
of the rotary converter to change this low voltage A.C. power 
into D.C. power for use in the car motors. 

An elementary explanation of the performance of a rotary 
converter may be given by supposing that the winding of a D.C. 
shunt motor is tapped (on the end opposite to the commutator) 
at two points 180^ (electrical) apart These two taps are to 
be connected to two slip rings. Now any winding revolving in 
a magnetic field generates an alternating E.M.F. If the winding 
is connected to slip rings an alternating current is delivered to 
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the outskle circuit; if the winding is connected to a commutator 
the delivered current will be direct. From this it follows that 
the shimt wound motor would have on its slip rings an alternating 
E.M.F.; if the rings are connected to an external circuit an 
alternating current will flow from the A.C. brushes and a cor- 
responding increase in the D.C. input will occur. Such a machine 
converts D.C. power into A.C. power; it is ordinarily termed an 
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" inverted " rotary. If now the function of the machine is reversed, 
i.e., A. C. power is supplied to the slip rings, the machine run- 
ning as a synchronous motor, and D.C. power is taken from the 
commutator end, it will be operating as a rotary converter normally 
does. The amount of A.C. power input depends upon the amount 
of D.C. power output. 

The efiiciency of a rotary varies, of course, with the size, 
being perhaps 95 per cent in the larger machines and 85 — 90 per 
cent in the smaller ones. 
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The distinctive feature of a rotary of the ordinary type is the 
ratio of A.C. to D.C. volts. For a single phase machine it is 
•707, for a three-phase machine .612; it is a constant which 
depends only on the nimiber of A.C. taps. For a given impressed 
A.C. voltage the D.C. voltage is nearly independent of load ; it 
decreases somewhat with increase of load because of the imped- 
ance drop in the armature windings. 

The power factor of the A.C. input will depend upon the 
value of the field current; in this respect the rotary is exactly 
similar to the synchronous motor. Under ordinary conditions 
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the field current shoidd be adjusted to that value which gives a 
minimum armature current for the load being carried; this value 
of field current does not change much with the load; if adjusted 
for one load it will be nearly correct for any other. 

The coils of the armature carry the instantaneous difference 
of the A.C. and D.C. currents, the form of the current flowing 
in any one coil being displaced sections of a sine curve. The 
form of the current wave in the coils, one close to the tap and 
one half way between taps is shown in Fig. 35. The peculiar 
shape of these current waves results in imequal heating in the 
different coils of a rotary, those nearest the taps getting hottest. 
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Because of the fact that the D.C. and A.C. currents in the 
different coils tend to neutralize one another the capacity of a 
given machine is considerably greater run as a rotary than as an 
alternating or direct current generator. A certain size machine 
used as generator or rotary has capacities as follows: 

D.C. generator capacity = ioo K. W. 

Single phase A.C. generator capacity = 70.7 K.W. 
Single phase rotary capacity = 84.8 K.W.; 

Three phase rotary capacity == 133-8 K.W.; 

Six phase rotary capacity = i93«7 K.W. 

The above values are for power factor of one. For other 
power factors the values are somewhat different. 

Because of the fact that the ratio of D.C. to A.C. voltage 
is fixed for any given rotary, it might seem that a rotary could 
not be compounded, i.e., give a D.C. voltage increasing with 
load. In one way this is true; for a given impressed A.C. voltage 
the D.C. voltage cannot be increased, but in practice the impressed 
A.C. voltage is made to increase with load, thereby making the 
D.C. voltage rise also. 

Recently a special type of rotary using field poles in two 
sections has been developed; in this rotary the ratio of E.M.F.'s 
is not fixed. In a small laboratory machine of this type, by 
proper adjustment of the currents in the two sections of the pole, 
the D.C. voltage may be made to vary from 90 to 135, while the 
impressed A.C. voltage is kept constant at 88. This is a very 
special t5rpe of machine and not much used as yet. 

The ratio of an ordinary rotary having the A.C. taps separated 
by the angle a, measured in electrical degrees, is given by the 

formula, 

^ ^ , D.C. volts . a 
A.C. volts = 7= — X sm -. 

There are several methods for starting a rotary and bringing 
it into synchronism with the A.C. line. Either of the two methods 
described for a synchronous motor may be used and there is in 
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the rotary the additional possibility of starting from the D.C. 
end as a D.C. shunt motor. This is a convenient method for 
use in the laboratory as D.C. power is always available. In 
substations D.C. power may not be available, under which con- 
dition one of the methods employing A.C. power must be used. 

For starting from the D.C. end it is necessary to have a D.C. 
line of at least the rated voltage of the machine. For a single 
phase machine rated at no volts A.C. the necessary D.C. voltage 
is iio/.707 = i57 volts; for a three-phase no volt A.C. rotary, 
the necessary D.C. voltage is iio/.6i2 = i8i volts. A D.C. 
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starting rheostat is used as with a D.C. motor. The rheostat 
resistance is decreased until the impressed D.C. voltage is just 
that necessary to give the required A.C. voltage. Then the 
rotary is bought into synchronism with the line by changing the 
field current; a synchroscope or synchronizing lamps, as with 
the synchronous motor, may be used to indicate the proper time 
for closing the synchronizing switch. 

Two runs are to be made with the rotary, one running from 
the D.C, end to determine the ratio of the converter and its pos- 
sible variation and the second to get the operating characteristics 
of the machine when running from the A.C. end, as it is normally 
designed to do. 

For making these two runs it is convenient to make connections 
as given in Fig. 36. The rotary represented is a single-phase 
machine designed for no volts on the A.C. end. 
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In testing the voltage ratio make one run, keeping the impressed 
D.C. voltage constant, and vary the speed through as wide a 
range as possible by changing the field strength; read A.C. volts, 
D.C. volts and speed. Then take another run with various D.C, 
voltages impressed, keeping the speed constant by variation of 
field strength; read same as before. 

In taking the load run the machine is first to be synchronized 
with the A.C. line. After the starting rheostat, R has been so 
adjusted that the rotary A.C. voltage is equal to that of the A.C. 
line, change the speed (by field variations) until the synchronizing 
lamps indicate synchronism, and then close the synchronizing 
switch in the middle of a dark period, with lamps connected as 
in Fig. 36. Of coiurse " bright " connections of lamps may be 
used if desired. When synchronized the D.C. supply line is 
to be opened and the switch thrown over to load side. 

Adjust the value of field strength so that at no load the A.C. 
armature current is a minimum. Leave the field circuit resistance 
constant at this value and put load on the D.C. end of the rotary 
in about 8 steps between zero and 50 per cent overload. Keep 
impressed A.C. voltage constant. Read A.C. volts, amperes, 
and watts, field current, D.C. load ciuTent and D.C. volts. 

On one curve sheet plot the ratio values obtained in first run, 
using ratio as ordinates. On second curve sheet, plot curves of 
D.C. volts, efficiency and power factor, using D.C. load current 
as abscissae for all curves. 



EXPERIMENT VIII 

Parallel Operation of Alternators; Circulating Current; 
Division of Load Dependent upon Phase Shifting. At present 
the largest sizes in which it is feasible to build A,C. generators 
is about 20,000 K.V.A. To equip a station for a capacity of 
100,000 ELV. A.it is therefore necessary to install several generators, 
and as there is generally only one set of bus bars and one distribution 
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system, it is necessary to so connect these generators electrically, 
that they all supply power to the same line. The only stable 
connection is to have them working in parallel, and many stations 
have as many as ten or more large alternators all connected in 
parallel to the same switchboard. It is therefore important to 
investigate the operating characteristics of such a set of machines. 
It will first be shown that two alternators operating in series 
are not in stable equilibrium. Two single phase machines, 
connected in series, supplying a load drawing a current, lagging 
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somewhat behind the line E.M.F., are shown in Fig. 37. Each 
machine is generating the same voltage and it is supposed that 
for some reason that machine B has pulled slightly diead of 
machine A in phase. The vector diagram of E.M.F.'s and cur- 
rent is given m Fig. 37. The vectors OA and OJB represent 
the machine voltages, OC the resultant or line voltage, and 01 
the line current. The load on machine JB is equal to OBxOI 
Xcos fi and that on machine A is equal to OAxOIXcos a. 
As a is l^ss than ^ it is evident that machine 5, which for some 
reason has pulled ahead of 2I in phase, has thereby relieved 
itself of part of its share of the load. This effect will make machine 
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B speed up still more because the prime mover will increase its 
speed if load is taken from it. B will continue to get ahead of 
A in phase until the two vectors OA and OB are practically in 
opposition, imder which condition there is no line voltage and 
therefore no load. 

The polarities marked in Fig. 37, of course, are true only at 
a certain instant, but the two machines will both reverse at the 
same time, leaving*the phase of E.M.F.'s, relative to one another, 
the same. If, however, when the two machines have pulled 
into opposition, with respect to each other, the load circuit is 
short circuited and the load attached as in Fig. 38, the conditions 
of operation and load distribution are stable. The vector diagram 
given in Fig. 39 will make this point clear. When the two 
machines are exactly in opposition, with respect to each other. 
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the E,M.F. vectors are shown at OA and OB. There is no 
resultant E.M.F. in the circuit consisting of the two armatures 
and therefore there is no current flowing around this local circuit. 
The two machines will divide the load equally provided that the 
two armatures have equal impedances. 

In Fig. 38 it is seen that although the two E.M.F.'s oppose 
one another around the local armature circuit, they act together, 
in parallel, in so far as the load circuit is concerned. 

Suppose now that machine B speeds up for an instant with 
respect to i4, so that the relative phases of the two E.M.F. vectors 
are as shown as OA and 05', in Fig. 39. In the local circuit 
there now exists a resultant voltage OC which will force current 
to flow through the two armatures, in addition to whatever load 



current the two machines may be carrying. As the inductance 
of the armature is much greater than the resistance, this local 
current will lag nearly 90® behind the E.M.F. causing it; 01 
represents this cmrent in phase, behind the voltage OC, by the 
angle where 

armature inductance 



tan tf= 



armatiure resistance * 



Now this cmrent is nearly in phase with the voltage OJS^and hence 
is a load on machine JS, while it is a motor current for machine 
Ay as it is nearly 180® out of phase with OA. The real effect 
of this ciuTent is therefore to take some of the load from machine 
A and put it on machine JS; this will tend to slow down B and 
is therefore an effect which tends to prevent the machines leaving 
their phase position of 180^ with respect to one another. 

The previous analysis has been on the assmnption that the 
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two machines were generating the same voltage. Suppose now 
that the load on the two machines is equally divided (E.M.F.'s, 
i8o^ apart) and the excitation of machine A is increased. Will 
this change the distribution of load? By reference to Fig. 40, 
it is seen that the resultant voltage OC, now lies in phase with 
OA. The resultant local current 01 is shown lagging by the angle 
behind 0C\ this current 01 is practically a wattless current, 
as it is in gcP position, nearly, with respect to both E.M.F.'s. 
As it is not in phase with the generator E.M.F.'s, it cannot^ 
with non-inductive load, represent load current. As a matter 
of fact, this increase in voltage of machine A will scarcely affect 
the load distribution at all, but will produce a current which flows 
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Fig. 4o 

in the local circuit only; it is practically 90® out of phase with the 
E.M.F.'s and its only effect is to tend to equalize the two voltages 
OA and OB. It will tend to magnetize the machine B and 
demagnetize machine A. This effect of armature reaction by 
the circulating current will change the voltage of the line some- 
what as excitation of machine B is varied. 

Referring to Fig. 39, it is evident that the division of load 
depends upcm the angle a. Now the only way of changing this 
angle is to vary the driving torque of the prime mover, and it is 
in this fashion that load is distributed between the different 
machines in a station. The steam supply of the driving engine 
or turbine is generally under the control of the switchboard 
operator. 
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Summing up the conclusions reached we have: the division 
of load between two alternators operating in parallel depends 
only upon their relative phase position; the load division cannot 
be effected by varying the field strength, but such variation of 
field results in a wattless current circulating in the local circuit, 
which merely heats the machines, represents no power output 
and is therefore detrimental to the operation of the machines. 

The first run to be made in this test is to show the variation 
of load on machine B by variation of the phase angle a, with 
constant excitation of B\ the second nm is to keep a fixed and 
to vary the excitation of B both above and below normal to show 
variation of circulating current and independence of load. 
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Make connections as in Fig. 41, bring A to rated voltage and 
read its field current. Keep it constant at this value throughout 
the test. Put upon machine A, a load of about one-half its rated 
capacity. Synchronize machine B with the line and read field cur- 
rent, watts output, aijnature current and line voltage. Leave the 
field current fixed at this value and increase the torque of B^s 
prime mover in such steps as will produce changes in the 
armature current of B of about one-quarter rating. Take read- 
ings up to 50 per cent overload, reading for each step watts and 
armatiure amperes of B and line voltage. Get the values of a 
for each setting of load by the scheme of two insulated discs 
used in experiment No. 6. 

Then reduce the torque of B's prime mover until the wattmeter 
reads zero. Now vary the field current of i? in such steps as 
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produce increments in the armature current of about one-quarter 
rating, reading for each setting, field current, armature current 
and watts, line voltage and phase position of f s armature. 

On one curve sheet plot the variations of watts load of B and 
phase position of its armature. Calculate also the value of the 
circulating or wattless current flowing in JB's armature for each 
reading. Plot load and circulating current against phase position 
as abscissae. On a second sheet plot variations of load in watts, 
circulating current and phase position, against field current of 
B as abscissae. 

Note. — The remarks regarding effect on load distribution of 
variation of 5's field current were made on the assumption that 
the angle d was nearly 90°. In so far as this is not true the 
conclusions reached are more or less inaccurate, but a more 
detailed discussion makes the question too complex. 



EXPERIMENT IX 

Current and Voltage Relations in a Three Phase Circuit; 
Measurement of Power on Non-inductive and Inductive Loads. 

Practically all A.C. power is generated, transmitted and utilized 
by polyphase circuits and machines. Of all polyphase circuits 
the three phase is by far the most important. 





Fig. 42 

The easiest way to study the current and E.M.F. relations 
in such a circuit is by first considering it as three single phase 
circuits. The problem will be investigated only for balanced 
loads, i.e., a polyphase system which may be considered as made 
up of a group of equally loaded single phase circuits. 

A three phase load may be connected in two ways: the star 
or Y connection shown at a, Fig. 42, and the mesh or A shown 
at b. With either connection only three wires are used. Appar- 
ently only three wires are needed for the A cannection, and it 

may be shown that in the Y connection a wire connecting to the 
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center or neutral point of the load is unnecessary. In Fig. 43 
the three phases are supposed separate, each phase is carrying 
the same magnitude current and of course the three currents, 
represented as vectors, are 120° apart. This featiure of the three 
phase systems is a result of the method of placing the coils on the 
armature of the three phase generator; the coils are placed 120° 
(electrical) apart, hence generate three sine E.M.F.'s 120° apart, 
and so the currents from such a generator are 120° apart. 




Fig. 43 



In Fig. 43 the three single phases are shown at a, 6, and c. 
The three lines, i', 2' and 3' are evidently carrying three equal 
currents, 120° apart in time. If then these three lines are joined 
throughout their entire length, the resultant single line will carry 
the resultant of three equal sine currents spaced 120° apart. But 
such resultant is zero, and therefore the combination line or 
neutral, as it is called, is useless and so not used. The three single 
circuits, joined together at i',2,'3' then constitute a Fload, supplied 
with three phase power through the lines i, 2, 3. In discussing 
voltage and current relations we have, 



1= 



current in each phase of load ; 
voltage across one phase; 
current in any line; 
voltage between lines. 
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In the F connection of load it is evident that /=f. To 
get the line voltage it is necessary to take the vector dififer- 
ence of two voltages, each of magnitude =e, spaced 120° apart. 
The voltage between lines by this construction gives £=^^3. 

In the delta connection £=e. To get / it is necessary to take the 
vector difference of two currents each of magnitude f, and 120® 
apart in phase, and this gives I=W^. 

Now no matter how the load is connected, it is evident that 
the power used in the three phases is equal to 3«, if cos ^=1. 
Substituting values of line current and line voltage gives power 
of a three-phase load = £7^3, and this holds good for either con- 
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nection of load. If the power in each phase is equal to ei cos ^, 
then in terms of Jine quantities we have watts used in three- 
phase load == £/v^3 cos 0. 

To measure the power used in a three phase line it is not 
necessary to actually measure the watts in each phase and multiply 
by three. If it is known that the load is non-inductive, then the 
power used is easily determined byjneasuring the line current 
and voltage and multiplying by V3. When the power factor 
is unknown, as is generally the case, another method must be used. 

If two wattmeters are used as shown in Fig. 44, the sum of the 
two readings will always be the power used in the three phase 
circuits, no matter what the power factor may be or whether the 
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load is balanced. If the power factor is less than .5, one wattmeter 
will indicate negatively and then the algebraic sum must be used, 
not the arithmetical sum. For balanced loads it may be shown 
that the current in line i is 30° out of phase with the voltage 
between 1-2, and the current in line 3 is 30° out of phase with 
the voltage between lines 3-2. If ^ is die phase angle of the load, 

Tri«£/cos(^+3o°); 

W 2= EI cos (<l> -30''); 
from which _ 

Wi+W2^EI\/3COs^. 

But we had already shown that tiiis is the power used in the 

three phase load. 
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With connections as in Fig. 45, test the accuracy of the above 
formula, for the values of line and phase currents in A connec- 
tion; try both balanced and imbalanced loads. 

Then using Y connection with inductive and with non-induct- 
ive loads, test the accuracy of the above formulae for voltages 
and currents and also for three phase power with balanced and 
unbalanced loads. The three phase power may be measured 
first with the wattmeters connected in the three phase line as 
shown in Fig. 44 ; then the potential coils may be so connected 
that the wattmeters read the power in two of the phases directly 
by connecting those potential leads which, in Fig. 44, are con- 
nected to the center line, to the center of the F on the load. 
When the test is made for imbalanced load, suppose that phases 
3 and 2 (Fig. 46) are left balanced and the load on phase i is 
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decreased. Then with the potential coils connected to the out- 
side wires and the center of the Y the total power used in the 
the three phase circuit will evidently be equal to (2 X reading of 
TF2+ reading of Wi), Then connect the wattmeters as in Fig. 
44 and take readings of Wi and TF2. Their sum should give 
the three phase power as measured above. 

An easy way of balancing a F -connected load is to open 
obe phase and adjust the two remaining ones until the voltage 
drop across the two is equal. Then put in the third phase and 
open one of those already tested. Adjust the third phase to 
give a drop equal to the one left connected in series with it. 
Then all phases may be closed and the load will be balanced. 

The connections for the tests on the F load are given in Fig. 
46. F^ both inductive and non-inductive loads, prove that 
B = ^ V3 and that Wi + TF2 = 3 X (watts per phase) . By ammeter, 
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voltmeter and wattmeter get cos of the load, testing one phase 
only (the load has already been balanced) . See if it checks with 
the value as given by 



cos0 = - 
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ise on the theory and practice of the mechanical equipment of power 
stations for electric supply and for electric traction. Second Edition, revised. 
Illustrated. 8vo., cloth. 700 pp Net, $6.00 



LIST OF WORKS ON EL^HCTMiCAL SCIENCE 3 

CHILD, CHAS. T. The How and Why of Electricity: a book of information for 
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KENNEDY, R. Modem Engines and Power Generators. Illustrated. 4to., 

Electrical Installations of Electric Light, Power, and Traction Machinery. 
Illustrated. 8vo. , cloth, 5 vols. The Set, $15.00 Each, $3 . 50 



LIST OF WORKS ON ELECTRICAL SCIENCE. 7 

KENKELLY, A. £• Theoretical Elements of Electro-Dynamic Machineiy. Vol I. 
Illuatrated. 8vo., cloth, 90 pp $1 .50 

KERSHAW, J. B. C. The Electric Furnace in iron and Steel Production. Illus- 
trated. 8vo., cloth, 74 pp Net, $1 .50 

Electrometallurgy.^ Illustrated. 8vo., doth, SCfS pp. (Van Nostrand's West- 
minster Series.) Net, $2.00 

KINZBRUNNER, C. Continuous-Current Armatures; their Winding and Con- 
struction. 79 Illustrations. 8vo., cloth, 80 pp Net, $1 .50 

Alternate-Current Windings; their Theory and Construction. 89 Illustrations. 

8vo., cloth, 80 pp ]fet,.$l .50 

KOESTBR, F. Hydroelectric Developments and Engineering. A practical and 
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